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Abstract

The burgeoning new technology of Micro-Electro-Mechanical Systems (MEMS) shows great
promise in the weapons arena. We can now conceive of micro-gyros, micro-surety systems, and
micro-navigators that are extremely small and inexpensive. Do we want to use this new technol-
ogy in critica applications such as nuclear weapons? This question drove us to understand the
reliability and failure mechanisms of silicon surface-micromachined MEMS.

Development of atesting infrastructure was a crucial step to perform reliability experiments
on MEMS devices and will be reported here. In addition, reliability test structures have been de-
signed and characterized. Many experiments were performed to investigate failure modes and
specificaly those in different environments (humidity, temperature, shock, vibration, and stor-
age). A predictive reliability model for wear of rubbing surfaces in microengines was devel oped.
The root causes of failure for operating and non-operating MEMS are discussed. The magor fail-
ure mechanism for operating MEM S was wear of the polysilicon rubbing surfaces. Reliability
design rules for future MEMS devices are established.
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Preface

Our team was involved in athree year LDRD investigation of MEMS reliability. The overall
goals of thiswork were @) to perform statistical reliability characterization of MEMS devices, b)
to identify failure modes, ) to develop reiability test structures, d) to develop predictive reli-
ability models and €) to develop failure analysis techniques for MEMS.

A graphic representation of our approach is shown in Figure P.1. In order to identify the fail-
ure modes, we looked at statistically significant numbers of devices. We aso designed test
structures sendgitive to certain aspects of failure. When we understood the failures from a physics
perspective we can develop predictive reliability models. Performing al four functionsin the
large dashed box put usin a position to qualify MEMS for crucial applications.

This report will document all of the significant findings made during the investigation. Spe-
cifically, Chapter 1 will describe our creation of the infrastructure necessary to run reliability ex-
periments. All of the test structures that we designed will be described in Chapter 2. Chapter 3
will document all of the reliability experiments performed in the three-year period. And finaly,
Chapter 4 will pull together all our findings, ordered according to failure mode or mechanism.
Design rules for avoiding pitfalls will also be covered in this section.

Identify Failure
Modes

Statistical / \ Design Test

Characterization Structures

A\

Develop Predictive
Reliability Models

Qualification of MEMS

FigureP.1. Graphic representation of our integrated approach to develop MEMS reliability tools
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1.1 Introduction

This section will document the develop-
ment of equipment and techniques for reli-
ability testing of MEMS devices. Sections
1.2 to 1.5 describe the hardware devel oped
for our tests. Included are our ‘parallé
testing’ capability (SHIMMeR — section 1.2)
and its smaller version (SHIMMeR Lite —
section 1.3). We developed environmental
chambers for storage (section 1.4) and test-
ing (section 1.5)

In addition, software was devel oped to
run (Super mDriver — section 1.6) MEMS
devices. Characterization, including meas-
urement of resonant frequency, is important
and the techniques developed are docu-
mented in section 1.7. The ability to moni-
tor degradation in microengines was devel-
oped and is described in section 1.8 (Image
Analysis).

An understanding of failuresis crucial to
developing reliable MEM S devices and the
final section 1.9 describes the techniques
pursued.
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1.2 SHiMMeR

The ability to acquire reliability dataon a
statistically significant number of devices
was extremely important in the development
of thisLDRD. Lifetime studies of MEMS
devices can be performed serially but thisis
atime consuming and very labor intensive
operation. A method to test multiple devices
simultaneously was needed.

A first generation multi-part MEMS test
station was created before this LDRD was
started. The original system is shown in Fig-
ure 1.2.1. This system consisted of a custom
test fixture to hold the devices and a biolog-
cal-type microscope. This system suffered
from many shortcomings. Focus changed as
the operator removed their hands from the
microscope. Quality images were almost
impossible to acquire due to non-coaxial
lighting and room vibrations were amplified
through the cantilevered arm of the micro-
scope. A greatly improved system was
needed. This system became known as
SHiIMMeR (Sandia High Volume Measure-
ment of Micromachine Reliability) [1].

SHiIMMeR was created to address the
shortcomings of the original system and to
create a multi-part test system that could
adequately address the need of flexibility of
MEMS device types and ease of use.

The SHIMMeR system was designed and

Figure1.2.1. Original multi-device MEM S test
system using biol ogical-type microscope.

built to provide electrical drive signalsto
large numbers of packaged microactuators
and to optically inspect them for functional-
ity. SHIMMEeR is subdivided into the elec-
trical subsystem, which provides customized
electrical signals to the packaged parts, and
the optical subsystem, in which a micro-
scope and camera are stepped from part to
part to inspect functionality. The optical
system for SHIMMeR consists of two major
components; an X-Y gantry table, and a
video microscope (Figure 1.2.2).

The X-Y gantry table used to build the
SHIMMeR system is a Techno Isel Gantry
System |11 table with atravel of 500 x 540
mm, atable size of 850 x 750 mm, and a
200 mm clearance under the Z axis. This
table has a repeatability of 10 nm and can
support apayload of 22.7 kg onthe Y axis.
The axes are driven by Parker Compumotor
Indexers that provide aresolution of 1.25
nmm, when used with the standard 5mm pitch
ball screw on the table. The overall accuracy
of the table is 0.1 mm over 300 mm. A
high accuracy table was not required for this
application because MEMSS devices have
considerable variation when mounted inside
packages and the test fixture mounting aso
varies somewhat. These variations prevent
exact determination of where the part is lo-
cated within the travel of the gantry table,
thus negating the requirement for accurate
linear distance moves. Currently the opera-
tor of the SHIMMeR system is required to

Figurel.2.2. X-Y géntry table showing the socket
arrangement and video microscope on SHIMMeR.



manually teach the system the location of
each MEMS device being characterized
prior to the start of atedt.

The video microscope used in SHIMMeR
isa9x A-Zoom microscope from Ready
Products Corporation. This microscope has
many features that made it very useful in our
system. It uses a single lens for its entire
magnification range. In our configuration
with a 20x long working distance objective,
the magnification is continuoudy variable
from 250x to 1800x with afield of view
ranging from 1.1 mm to 150 nm. Thisal-
lows the SHIMMeR system to look at awide
variety of MEMS devices without the op-
erator having to change primary objectives,
thus eliminating the possibility that a turret
full of lenses would collide with other parts
of the system. The microscope is equipped
with motorized focus controls and illumina-
tion is provided through a 150W fiber optic
light source and/or a stroboscopic light
source. All aspects of the microscope can
be controlled from a persona computer via
an RS-232 port. A high-resolution black
and white CCD camera is used for acquisi-
tion of the image.

The stimulus or stressing system is made
up of several components. waveform syn
thesis, waveform amplification, and wave-
form distribution, al coupled to the MEMS
device fixtures. Waveforms for driving the
MEMS devices are created using four 20
MHz arbitrary waveform generators from
Pragmatic Instruments. All four channels are
phase-locked together and use a common
clock. The custom model-based waveforms
are downloaded via |EEE-488.2 bus to the
waveform generators. These waveform gen
erators allow multiple waveforms to be se-
guenced together to generate acceleration
and deceleration profiles required for high
speed operation of the SNL microengines
[2].

The maximum output voltage from the
waveform generatorsis limited to £10V.

Since this voltage is insufficient to actuate
the current electrostatic comb drives of the
microengine, the output waveforms must be
amplified to a voltage sufficient to drive the
device. Amplification is achieved with a
custom 4-channel amplifier designed and
built at SNL. The amplifier providesup to a
200-V drive signal for the electrostatic
combs and has a bandwidth sufficient to
drive the microengines up to 600,000 rpm.

The device fixture consists of modular
printed circuit boards with eight 24-pin DIP
sockets. All sockets on the board are wired
in parald with each pin isolated from the
parallel bus via 1-MW resistors. This pro-
vides the needed isolation from one device
short-circuiting and causing the remaining
devices to stop functioning due to missing
drive signals. The test bed consists of a4 x 2
array of these printed circuit boards and can
test up to 64 packages with atotal of 256
parts (Figure 1.2.2). This arrangement of
multiple small printed circuit boards rather
than one large board provides great flexibil-
ity in the arrangement, device wiring, and
signal optimization of MEMS devices under
test.

Waveform distribution is controlled
through a manual switch matrix. The current
matrix is arranged in a 6 x 24 arrangement.
This arrangement accommodates the four
drive signals required for the SNL microen-
gine, aground line, and aline that discon-
nects the socket pin from any signal. Addi-
tional switch matrices can be added by
breaking up the 4 x 2 arrangement of the test
fixture boards alowing for greater flexibility
in testing.

The optical subsystem and device fix-
tures are enclosed within a custom Plexiglas
enclosure. This enclosure is humidity con
trolled. The humidity control range is from 2
to 90+ % RH. This control is accomplished
through two separate systems. A gas bubble
system (Figure 1.2.3) is used for humidity
control between 2% to 45% RH. The hu-
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Figure 1.2.3. Schematic of humidity bubble system.

midity plane over the DUTSs can be con-
trolled to within £0.2%. The second unit isa
standard steam humidifier. This system is
used above 45% RH and controls humidity
levels to within £5%. A chilled mirror hy-
grometer is used to measure the actua hu-
midity levels encountered during testing.

The entire system (optics, DUTS, and the
humidity enclosure) is mounted on a vibra-
tion isolation table. This provides us with
the ability to remove any ambient |aboratory
vibration from entering into our experimen-
tal data. It also allows us to achieve high
magnification of our devices without experi-
encing blurring due to externa vibrations.
The humidity and vibration isolation sys-
tems areillustrated in Figure 1.2.4.

SHiMMeR Control Software

The software developed to run the
SHiIMMeR system was written using Visual
Basic. This software allows the operator to
optimize and vary all engine drive signa
parameters. The amplitude and shape of the
drive signals can be viewed on the monitor,
prior to application to the devices under test.
Test fixture arrangements that can be made
to fit within the travel of the X-Y gantry ta-
ble as well as layouts of the MEMS device
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can be accommodated through description
files created by the software.

The operator test screen allows stress and
duration parameters to be defined and varied
throughout the test. A running commentary
can be kept on each device under test until it
fals, at which time the software will skip
the observation portion of the test unless set
up to do otherwise. Device failures are cur-
rently broken down into three major catego-
ries (Not Used, Functional, and Failed)
where each category can have one level of
sub-categories.

Figure1.2.4. Vibration isolation and humidity enclo-
sure for SHIMMeR. Doors have been removed for
clarity.

The operator can use the predefined sub-
categories or add additional ones as the test
progresses. A color-coded map of the test
bed displays the current status of each pack-
age under test as well as the status of each
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Figure 1.2.5. Operator’ s test control panel for
SHiMMeR. This panel displaysthe currently status
of the devices under test.



device in each package (Figure 1.2.5).

Currently, most of the data is taken
manually from the SHIMMeR system, while
an automated system is being completed.
The operator defines the test by establishing
a series of stress and inspection cycles. The
stress cycles operate the microengine, while
the ingpection cycle slows the microengine
down to 1 Hz, a speed that is easily viewable
by the operator. The operator can then visu-
aly inspect each microengine and note its
functionality. The operator has the option of
using a stroboscopic light source to view the
microengine during its high-speed stress cy-
cle. This manual method to perform reli-
ability experiments has been successfully
employed [ 3].

[1] D. M. Tanner, N. F. Smith, D. J. Bow-
man W. P. Eaton, K. A. Peterson, “First
Reliability Test of a Surface Micro-
machined Microengine Using SHIM -
MeR”, Proceedings SPIE Symposium on
Micromachining and Microfabrication,
Vol. 3224, Austin, 1997, pp. 14-23.

[2] S. L. Miller, J. J. Sniegowski, G. LaVi-
gne, and P. J. McWhorter, "Performance
tradeoffs for a surface micromachined
microengine”, Proc. SPIE Micromachi-
ned Devices and Components 1, Vol.
2882, Austin, October. 14-15, pp. 182-
191, 1996.

[3] D. M. Tanner, W. M. Miller, W. P. Ea-
ton, L. W. Irwin, K. A. Peterson, M. T.
Dugger, D. C. Senft, N. F. Smith, P.
Tangyunyong, and S. L. Miller, “The Ef-
fect of Frequency on the Lifetime of a
Surface Micromachined Microengine
Driving a Load”, Proceedings Interna-
tional Reliability Physics Symposium,
Reno, 1998, pp. 26-35.
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1.3 SHiMMeR Lite

A second system similar to SHIMMeR
(section 1.2) was needed with the ability to
acquirereliability dataon a statistically sig-
nificant number of devices. This system
needed to be smaller and more maobile than
SHIMMeR with the ability to be easily
moved from one lab to another. This system
was created and given the name SHIMMeR
Lite (Figure 1.3.1). SHIMMeR Lite alows
us to perform smaller/quicker experiments
while SHIMMeR isin use.

Figure1.3.1. Showing the smaller size and more
flexible arrangement of ShiMMeR Lite.

SHiIMMeR Lite has the capacity for 8
DIP packages for atotal of 32 micromachi-
nes. The device fixture consists of one
modular printed circuit board (identical to
the boards used in the full SHIMMeR sys-
tem), with eight 24-pin DIP sockets, which
is mounted on a manually operated table un-
der an optical microscope.

The SHIMMeR Lite computer uses an
analog output card to produce custom wave-
forms to drive the micromachines under test.
Use of the analog output card allows
SHiIMMeR Lite to execute two tests smul-
taneoudly. Lifetime experiments with a
maximum frequency of about 800 Hz can
easily be performed in this configuration.
Waveforms are amplified using a custom 4-
channel amplifier designed and built at SNL
(see Figure 1.3.2).

SHIMMeR Lite uses the Super nDriver
software (section 1.6). This software allows
the operator to optimize and vary all engine
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drive signal parameters. Micromachine de-
vices can be viewed during testing either
through the eyepieces of the Nikon micro-
scope or on a TV monitor attached to a
video camera atop the microscope.

Figure 1.3.2. Thefour-channel amplifier board
provides a 15 times gain to the input voltage.



1.4 Environmental
Storage Chambers

Incoming MEM S components, either as
gel-packs containing individual die or pack-
aged as DIPs, are stored in a humidity cor-
trolled environment. This provides a history
of the environmental conditions the compo-
nents have experienced before they are
placed into reliability or characterization
experiments.

Six plexiglas containers (Figure 1.4.1)
manufactured by Plas Labs are currently
used. Five of the boxes are configured as
dry storage only. The sixth box has the ca-
pacity to control the humidity. Humidity is
controllable from 0% to 100% RH, however
condensation will occur at very high RH
levels. All of the boxes are purged using dry
nitrogen via individual flow meters. Purge
rates are continuoudly variable from 0.1 to
3.0 cubic feet per hour (CHF).

Figure1.4.1. Three of the humidity controlled stor-
age boxes.

The humidity system uses 2 separate
flow meters with one of the flow meters
controlling the rate of N2 bubbling through
de-ionized water (Figure 1.4.2). The use of
two flow meters allows greater control of
the desired humidity. All of the enclosures

are equipped with portable humidity and
temperature meters. Each meter can track
both min/max temperature and humidity.
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Figure1.4.2 Diagram of the gas connections for the
nitrogen storage boxes.
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1.6 Super nDriver

Simple MEMSS devices such as cantile-
vered beams and comb drives can easily be
actuated with a standard function generator
whose output has been sufficiently amplified
to control the device. The addition of multi-
ple comb drives working together increase
the complexity of the required actuation sig-
nals. Additional function generators phase-
locked together are required to operate these
devices. However, the waveforms that stan-
dard function generators provide can cause
unwanted forces to be applied to the device
under test.

These unwanted forces can severely
shorten the life of the device. Complex or
model-based drive signals that account for
the device' s geometry as well as other as-
pects of the device are required to enhance
its lifetime (Figure 1.6.1) [4]. Thisrequire-
ment has led to the development of flexible
waveform generation software and hardware
that can generate model-based drive signals
as well as standard function generator wave-
forms. This system is referred to as Super
nDriver.

Super nDriver provides standard function
generator type waveforms that can be used
to operate ssimple MEMS devices. These
standard waveforms include sine, square,
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Figure1.6.1. Waveform function screen showing
drive signal parameters required to properly operate
the microengine.
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Figure 1.6.2. An example of linking drive signals
together to create useful motion. These signalsare
used to move alinear rack assembly back and forth
(Figure 1.6.3).

Figure 1.6.3. SEM of amicroengine driving alinear
rack assembly.

triangular and DC voltage. Since these stan-
dard waveforms are generated as arbitrary
waves, enhancements to them have been in-
corporated which alow for simplified con
trols of MEMS devices.

Super nDriver aso has the capability to
control the Sandia developed microengine
with model-based drive signals. By using
the model-based drive signa for the micro-
engine we are alowed fine control of the
device' s operation. Physical constants, such
as geometric lengths, spring constants, reso-
nant frequency, etc., can be controlled to
operate various design iterations. Radial
and tangentia forces can be varied to study
the effects of forces applied to the gear hub.
Additionally, acceleration and deceleration
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Figurel1.6.4. fa icromachi ned lock
and optical shutter assembly

waveform profiles are available to account
for inertial effects of high-speed operation.

Multiple waveforms can be linked to-
gether and repeated. This provides the capa-
bility to perform linear motion. Figures 1.6.2
and 1.6.3 show an example of linked drive
signals can be used to operate a linear rack
assembly that is driven by a microengine.
Additionally Super nDriver can synchronize
motion of multiple devices to control a
complex microsystem. Figure 1.6.4 shows
an example of a complex microsystems de-
vice that requires multiple synchronized
drive signals.

Super nDriver currently supports 16 syn-
chronized channels of waveform generation
and two separate types of arbitrary wave-
form generation hardware. The two separate
hardware platforms address the need for a
high-performance reliability system and a
low-cost characterization system that can
easily be duplicated for use in multiple labo-
ratories.

[4] S. L. Miller, J. J. Sniegowski, G. LaVi-
gne, and P. J. McWhorter, “Performance
tradeoffs for a surface micromachined
microengine”, Proceedings of SPIE Mi-
cromachined Devices and Components



1.7 Characterization
Techniques

Much of the characterization associated
with microengines and other MEMSS actua-
tors revolves around determining parameters
for the proper electrical drive signals. While
the subject of electrical drive signals has
been discussed in detail elsewhere[5, 6, 7],
many of the concepts will be repeated here
for convenience.

Electrical Drive Signals

Optimized electrical drive signals for mi-
croengines can be derived from simple
Newtonian physics. They account for the
electrostatic force of the comb drives, the
restoring force of the folded comb drive
springs, and the damping force associated
with air damping. Furthermore, tangential
and radia forces at the gear are included.
The net equations generated by this ideal
model are NOT simple sine waves, and their
shape changes as a function of speed. The
drive signals are:

2
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where V, and Vy are x voltage (right and left)
and y voltage (up and down), respectively.
The variables k, a, and wy are the spring
constant, electrostatic force constant, and
resonant frequency, respectively, associated
with the comb drives. The radius of the gear
isrepresented by r and the radial and tan-
gential forces on the gear are Fj and F, re-
spectively. Theterm g is a geometric term
that represents the coupling location of the

two linkage arms. It is 1 for newer engine
designs. The gear angle, angular velocity
and angular acceleration are given by q ,q,
and g respectively.

The unknown terms in equations 1 and 2
are kr/a and wp. The remaining terms are
either well known or specified by the user.
Hence for microengine characterization,
these two terms are the most important.
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Figure 1.7.1. Photomicrograph of Sandia microen-
gine.

Normalized Spring Constant

To determine the spring constant of the
microengine, we start with the static drive
signa equations (i.e. q, q , F, Fr =0)

kr
== 8
V¢ agsmq (8

» k
v,* =—(1- cos) (©

If g=1 and we pick a“magic” angle where
V,2 = V,? then we can determine the lumped
or normalized spring constant, kr/a. This
magic angleis 90°. And V,? and V,? both
degenerate to kr/a. Hence, if DC voltages of
equa magnitude are applied to both comb
drives of the microengine until the gear
reaches an angle of 90°, then the square of
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Figure 1.7.2. Blur envelope technique. A sine wave electrical drive signal is applied to the part. The am
plitude is kept constant, while the frequency is swept. (left) 3.5 kHz. (middle) 4 kHz. (right) 4.5 kHz. The
amount of blur isindicated by the arrows. The middle picture has the largest blur, and hence the largest

amount of deflection.

the voltage required is precisely the lumped
spring constant.

An dternate method to measuring
spring constants using atest structure is de-
scribed in section 2.6.

Resonant Frequency

Perhaps the most common way of
measuring resonant frequency of aMEMS
device is using the “blur envelope’ tech-
nique. By this method (Figure 1.7.2), asine
wave electrical drive signal is applied to the
part to force it to actuate. The amplitude of
the signal is held constant while the fre-
guency is swept. As the device passes
through its resonant frequency, its amplitude
of vibration will go through a maximum.

Unfortunately, the blur envel ope tech-
nigue has two major flaws: (1) poor accu-
racy and resolution and (2) difficulty of

automation. The resolution of this technique
is about 50-100 Hz at best and accuracy is
limited by operator variability. One operator
might see a different resonant frequency
than another. And because of the visual re-
ture of the measurement — automation, while
not impossible, would be very difficult. De-
spite these weaknesses, the blur envelope
technique is convenient since it is relatively
simple.

It is generally desirable to have an
electrical measurement of the resonant fre-
guency. Electrical measurements are com-
plicated by the presence of large parasitics
in the presence of small signals. Clark
Nguyen et al. [8, 9] have reported atech-
nique which has high resolution and can be
easily automated. This technique takes ad-
vantage of the rate of change of capacitance
with time (1 C/ t) of a moving microme-
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chanical structure. This technique is shown
schematically in Figure 1.7.3 and spectrally
in Figure 1.7.4. It isamodula
tion/demodulation scheme, where the elec-
trical signal driving the structure into reso-
nance is first modulated by the structure it-
sdlf and then demodulated using a mixer.

Referring to Figure 1.7.3, adrive
signal with frequency near the resonance of
the structure is applied to the stationary
comb fingers. A carrier signal withaDC
offset and AC frequency much larger than
the resonant frequency of the structure is
applied to the shuttle and underlying ground
plane. The sense signal is picked off the
other set of stationary comb fingers.

Drive signal

(~f9

Carrier signal

90° Shift g Mixer
Y (>>fo)

Low pass filter
—  DCoffset

Spectrum

jp— analyzer

Figurel1.7.3. Schematic of modulation—de-
modulation measurement scheme.

The moving shuttle will induce charge on
the sense fingers, which will giveriseto a
current. This current is converted to a volt-
age and amplified by a transimpedance am-
plifier. Referring to Figure 1.7.4(a), the
spectral response will contain undesired
feedthrough terms at the drive and carrier
frequencies wy and w.. Modulated sideband
terms at (we —Wqg) and (W + wg) will also be
generated. The signal is then passed through
a bandpass filter with center frequency near
the carrier frequency to eiminate the drive
signal component(Figure 1.7.4b). It is noted
that the drive signal component at this stage
is due to unwanted parasitics inherent in the
device and messurement scheme itself.
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Figure 1.7.4. Spectral components graphs
from different stages of measurement (a) after
I > V amplifier (b) after bandpass filter (c)
after mixer (d) after lowpass filter.

After bandpass filtering, the resultant
signal is mixed with the carrier signal that
has been phase shifted by 90°. This phase
shift has been shown to yield optimal signal
amplitude [8]. At this point the spectral
components contain peaks at Wy, 2We, (2w —
Wq), and (2w, + wy) (Figure 1.7.4c). The
height of the peak at wy is proportional to
(TC/It) and will increase with increasing
amplitude of motion. If the signd after the
mixer is fed through a low pass filter, only
the wy peak survives and its height can be
monitored with a spectrum anayzer. The
spectrum analyzer itself can supply the drive
signal for the measurement. Used in a swept
sine mode, the spectrum analyzer will sweep
the drive signa frequency and measure the
resultant peak height. In this manner the fre-
guency response of the structure can be
measured.



FQ

FQ is a program compatible with
Microsoft Windows 95/NT, which is used
for measuring resonant frequency, fo, and
quality factor, Q (hence the name FQ). It
was developed using the Visual Basic pro-
gramming environment and can be applied
to electrostatic drives or resonators that are
electrostatically driven. Because the meas-
urement technique shown in Figure 1.7.3
can be difficult to implement, we created FQ
to smplify the process. Most of the diffi-
culty arises from (1) the complexity of oper-
ating asignal analyzer and (2) the variability
among drive signals among various devices.
By using computer control to narrow down
the number of functions of the signal ara-
lyzer to only those that are needed for mak-
ing resonant frequency measurements, we
greatly simplify the operation of the signal
analyzer. And by allowing the user to save
the settings necessary to drive a given de-
vice, we greatly smplify the variables to
input.

Figures 1.7.5 through 1.7.9 show
how FQ works. Measurements of resonant
frequency are much more reproducible and
have aresolution at least an order of mag-
nitude finer than the blur envelope tech-
nique. Frequency spectra are shown for
various devices in Figures 1.7.10 through
1.7.12.
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Figure 1.7.5. " Splash Screen" for FQ.
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Selup | Arcita Specman | Andre
PR | =W hrglie | Fusines Goreiatin | Saal Mewdvini LR

DCommos Unde Tt [DUTH

Tirecian Al Sedls Desdan B

&.6“ i e B
J_l =
T e i e
HPaaA
X L
Hgrel faaEs
HPZEERA
S
Tt

Figure 1.7.7. “ Schematics’ window helps
user to connect instruments correctly.
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guency measurements.
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quire frequency spectrum. The open circle marks the
resonant frequency. Thefilled circles mark the 3 dB
points.
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Figure 1.7.10. Power spectrum of the same comb
drive from Figure 1.7.1.
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Figure 1.7.11. Power spectrum of an accelerometer.
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1.8 Image Analysis

Qualitative assessment of device opera-
tion is critical in understanding the underly-
ing mechanisms of failure. The SHIMMeR
system requires that an operator views the
device in operation and make narrative as-
sessment of its condition and marking it as
failed when appropriate. While this system
is quite effective several issues have been
encountered.

An automated image capture system and
tools to analyze these images has been de-
veloped. These tools help to remove vari-
ances in the narrative description as well as
how different operators assess the device.
Others have reported similar systems
[10,11]. The analysis software provides the
capability to track the motion of the gear or
another feature. The ability to track motion
at operational speeds allows angle versus
time and angular error determinations to be
made. This information can provide insight
into drive signal optimization and friction as
well as other types of reliability information.

Image Capture

An automated image capture system has
been developed that is capable of handling
the large number of images generated during
the testing multiple devices. This systemis
capable of tracking the frequency of the

Timing Signal
| 1 [ 1

Frequency T
Counter Divide-by-N Phase Delay
I | ] |
Strobe Light
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g | =3 O
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) e
8 Video Camera
Capture N
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Figure1.8.1. Block diagram of image capture sys-
tem.

drive signal and taking multiple snapshots of
the device' s rotation or linear motion. A
block diagram of the system is presented in
Figure 1.8.1. The system is fully computer
controlled alowing for the images to be
captured at very precise instances in time.

A high intensity stroboscopic light
(Olympus ALS-12000S) source is used for
illumination of the DUT at operational
speeds. This light source is directly coupled
into the same fiber optic bundle that is used
for normal illumination. The flash rate of
this strobe can be externally controlled with
an approximate flash duration of 3-5ns. A
National Instruments TCIO-10 timer/counter
card and a Nationa Instruments PCI-1408
monochrome video capture card handle the
timing of the strobe and the image snap-
shots. A pair of countersis used to measure
and tracks the actual drive signal operating
the device through atiming signa generated
by the arbitrary waveform generators. The
strobe light is unable to fire at the drive rates
routinely encountered, so an additional
counter is configured as adivide-by-N. This
generates a new flash rate that the strobe can
constantly lock onto. One additional counter
is configured to generate a finely controlled
delayed pulse for the strobe and image cap-
ture card. This delay allows imagesto be
acquired at any desired angle during the
waveform period.

Software that allows the computer to
control thisimage capture system has been
developed (Figure 1.8.2). It alows images to
be captured from both rotary and linear no-
tion devices. The images can be ether be
viewed continuously in low motion or a
seguence can be saved to disk. It has the ca
pability to automatically generate unique
names for each device under investigation.
Individual frames can be captured and stored
through the software’ s built-in viewer.
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Figure 1.8.2. Screen shot of image capture controls.

Image Analysis

Once a series of image has been acquired,
information must be extracted from them. A
tool for analyzing the images has been cre-
ated. This computer program (Figure 1.8.3)
allows the images to be played backed at
various frame rates. Binary threshold and
image morphology tools are supported. Im-
age tools have been created that can track
the motion of a user-defined object in each
of the images that was taken with the image
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Figure 1.8.3. Screen shot of image analysis pro-
gram.

capture software. Theseinitial data points
can be used to determine theta versus time
and angular error measurements [11]. The
theta versus time measurement is used to
evaluate constant rotational velocity. The
angular error measurement can be used to
determine how well the device is tracking
the drive signal. Thisinformation can be
further evaluated to determine a coefficient
of friction.

The ability to analyze images captured at
operational speeds allows a more qualitative
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Figure 1.8.4. Position map of a gearless microengine
with linear clamping and radius set to 17 um. Hori-
zontal and vertical axesarein pixels.
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assessment of microengine performance. It
has also provided the ability to compare
various design modifications against one
another. This analysis has alowed design
enhancements that increased the reliability
of the microengine. In order to study uncon-
strained operation of the microengine, re-
moval of the gear is necessary. This allows
the drive signals and inherent device be-
havior to be determined. Figure 1.8.4 shows
an example of a microengine design that ex-
hibits linear clamping. The linear clamping
is due to the fringe field forces becoming
non-linear at the end of their full engage-
ment. This design can be contrasted with the
design shown in Figure 1.8.5. In this design
the linear clamping problem has been elimi-
nated. This device till exhibits some non-
ideal effects due to frictional forces chang-
ing during the rotation of the device. The
flat sections of the curves are where the
shuttle is pressing against the guides with
enough force to prevent them from dliding
efficiently.

[10] D. M. Freeman and C. Q. Davis, “Us-
ing Video Microscopy to Characterize
Micromechanics of Biological and Man-
made Micromachines’, Technical Digest
of the 1996 Solid-State Sensor and Ac-
tuator Workshop, Hilton Head Id., June
3-6, 1996, pp. 161-167.

[11] G.F. LaVigneand S. L. Miller, “A
Performance Analysis System for
MEMS using Automated Imaging Meth-
ods’, |EEE International Test Confer-
ence, Washington DC, Oct. 18-23, 1998,
pp. 442-447



1.9 Failure analysis
techniques

Failure analysis (FA) tools have been ap-
plied to analyze failing polysilicon microen-
gines. Many MEMS devices have been ex-
amined using techniques developed for inte-
grated circuit failure analysis including opti-
cal microscopy, scanning electron micros-
copy (SEM), focused ion beam (FIB),
transmission electron microscopy (TEM),
energy dispersive x-ray spectroscopy
(EDX), and atomic force microscopy
(AFM). Wefirgt stressed these devicesto
failure under accelerated conditions in vari-
ous environments. Analysis of these failed
microengines found that wear debris was
produced from friction on rubbing surfaces.
We observed an increase in the amount of
wear debris with decreasing humidity. The
dominant failure mechanism of these micro-
engines was identified as wear of rubbing
surfaces. This often results in either seized
microengines or microengines with broken
pin joints. The pin joints typicaly fail
through wear and thinning.

Optical Microscopy

As a preliminary measure for evaluating
MEMS devices, optical microscopy serves
as an easy, cost-effective method for quickly
determining the integrity of a device. Opti-
cal microscopy can provide an initia view
of defects such as fracture, displacement,
debris, and abnormalities. Insight into the
failure mechanism can be achieved in min-
utes.

For example, the failed spring in Figure
1.9.1ais clearly visible from optical inspec-
tion. However, more subtle changes in the
MEMS elements, as shown for an over-
driven spring in Figure 1.9.1b are also visi-
ble optically. This precursor to faillureis
due to arcing to the adjacent powered line.
Contact from the grounded spring to the

power line resultsin either a broken spring
or residue. This failure mode has been
remedied through design modifications
which include the addition of spring stops,
and reposition of the Y actuator. Thisre-
sulted in arelocation of the power line
yielding more space between it and the

spring.

Figure1.9.1. Low magnification optical images of
degraded engines, with insets enlarged. (a) Engine
with broken spring and debris from broken attach-
ment. (b) Engine with debris due to less severe bro-
ken attachment.

Close examination of all movable parts
can reveal exactly which connections might
suffer sticking and which are free. For ex-
ample, one pinned link may be able to recip-
rocate with a displacement equal to the tol-
erance of the pin joint, while the link to
which it is pinned does not move. Video-
tapes of operating engines have also proven
useful to track performance during tests of
operating life [ 12].

In another example, a microengine that
failed due to a broken pin joint can be dis-
tinguished from a microengine that failed by
gear seizure. These two failure modes are
illustrated in Figures 1.9.2aand b. In Figure
1.9.23a, the seized microengine reveals wear
debris around the pin joint and hub. Figure
1.9.2b reveals a broken pin joint and like
Figure 1.9.2a, wear debrisis scattered across
the entire gear. By imaging through a series
of focal planes, the location of wear debrisis
observed on the gear surface as well asthe
substrate. Figures 1.9.2c & d represent the



same microengine with focal planes on the
ground plane and gear surface respectively.

Broken Pin Joint

Seized Gear

T=Wear debris on

. ‘\e ground plane

vl\/ear debri
the gear Si

Figure1.9.2. Optical images of failed micro-engines
tested in dry nitrogen. Figuresaand b show aseized
microengine and broken pin joint respectively. Fig-
uresc & d focus on the ground plane and gear re-
vealing debris on both surfaces asindicated by the
arrows.

These images suggest the dominant mode
of failure is wear of rubbing surfaces. The

microengine illustrated in Figure 1.9.2c
seized after 2,000,000 cycles. Thismay be
the result of accumulation of wear debris
along the rubbing surfaces of the microen-
gine. Although wear debris can be observed,
its morphology and structure are too small to
be resolved using optical microscopy. A
tool with higher magnification is needed to
discern the debris morphology.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) isa
useful tool for imaging defects and debris at
high magnification. SEM analysis provides
alarger depth of focus and higher magnifi-
cation than optical microscopy. Thisen-
ables debris on both the substrate and gear
surface to be in focus at the same time.

SEM imaging is also useful for determining
the electrical continuity of MEMS devicesin
static and operating conditions.

Genera inspection of afailed MEMS de-
vice using the SEM has revealed stuck
springs, fractured and broken elements as
well wear debris from accelerated testing.
Just as the spring elements are susceptible to
stiction, the comb fingers of a drive actuator
can also exhibit sticking behavior to the sub-
strate. Asillustrated in figure 1.9.3, the last
comb finger on the x axis actuator is bent
down and contacting the substrate. This de-
fect can result in a short from the actuator
drive signas (voltage) to the ground plane.

Stuck comb flnger :
Figure1.9.3. Comb finger stuck to the subst




Just as the comb fingers are susceptible to
stiction, spring elements of a drive actuator
can also exhibit sticking behavior to the sub-
strate. Figure 1.9.4aand b illustrate two sets
of spring elements. The first set is shown
contacting the substrate, making the MEM S
device inoperative. The other set of springs
is suspended above the substrate, allowing
the MEMS device to function normally.
Designing double level springs that are
much stiffer eliminated this stiction prob-
lem.

10 nm
Figure1.9.4. SEM image of spring elements. (a)
Defective spring (arrows show points of contact with

substrate). (b) Spring element suspended properly
above the substrate.

Figures 1.9.5a and b identify chipped
spring elements in afailed binary counter.
These chipped springs were evident before
the test and were due to the pressure of the
wash stream on the wafer-sawing tool. The
upper level of polysilicon had no protective

covering when the wafer was sawed. To
prevent this effect on future die, photoresist
isnow spun on al wafers at the end of fabri-
cation. Figure 1.9.5b provides a magnified
view of the fractured polysilicon surface.

In one experiment, plan view inspection
of microengines tested in low humidity
showed wear debris was produced and ac-
cumulated at the hub and pin joint regions.
Debris had aso accumulated on the surface
of the gears, linkage arms, and substrate.
SEM imaging showed larger pieces of debris
found on the substrate and top surface of the
gear. In thisexperiment, increasing the per-
cent relative humidity (%RH) decreased the
amount of wear debris produced. At 30%
RH, debrisis located primarily around the

Figure1.9.5. SEM images of chipped upper levels
on spring elements caused by the pressure of the
wash stream on wafer-sawing tool. Note the fracture
surfacein figureb.
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hub and pin joint regions. Figures1.9.6a
and b are characteristic of microengines op-
erated in these environments.

SEM imaging revealed that changesin
the testing environment affect the morphol-
ogy of the wear debris. Asillustrated in fig-
ures 1.9.7a & b, the wear debris morphology
appears “particulate” when the microengine
is operated in adry environment (1.8% RH)
and “stringy” or “fibrous’ when operated in
ahumid (39% RH) environment. These
results show a strong dependence of debris
morphology with varying humidity.

Debris

No debris :

Figure1.9.6. SEM images of polysilicon microengi-
nes stressed to ~ 600,000 cycles at 1.8% (@) and 30%
(b) RH at 25°C. Note the accumulation of wear de-
bris on the surface of acompared to b.

To assess the behavior of non-oxidizing
atmospheres on microengines, MEMS de-
vices were operated in nitrogen-rich envi-
ronments. These microengines show sig-
nificant wear occurring around the pin joint
and hub regions. A large amount of wear
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debris is found on the surface of the gear
and the substrate. Figure 1.9.8 shows debris
accumulating on the surface of the gear as
well as the ground plane. This experiment
will be discussed further in the FIB section.

To reduce the effects of oxidation on the
polysilicon microengine surfaces, MEMS
devices were operated in vacuum. To con-
duct these experiments, a fixture that was
capable of running up to eight microengines
was mounted inside the SEM chamber.
Using a computer equipped with the Super
ndriver software [12], we were able to apply
the appropriate power and drive signals to
the microengines. The SEM chamber vac-
uum pump was on overnight (14 hrs.) prior
to testing. This pump down time yielded a
pressure of ~107 torr (with apartia pressure
of oxygen at ~10°° torr).

Figure1.9.7. SEM micrographs of debris morphol-
ogy for 1.8% RH (a) and 30% RH (b) samples.



Figure 1.9.8. Debris accumulated along the substrate
and surface of the gear of a microengine operated to
failurein dry nitrogen.

Asillustrated in figures 1.9.9 a & b, ami-
croengine operated to failure in vacuum
shows debris accumulating along the hub
and pin joint regions. Consistent with re-
sults from low humidity testing, the mor-
phology appears to be spherical and par-
ticulate. However, it appears that the

- - Tum

Figure1.9.9. SEM micrographs of a microengine
operated in vacuum over 2,000,000 cycles. Notethe
lack of debris compared to the 1.8% RH samplein
Figure 1.9.6a and its morphology.

amount of debris formed is considerably less
than that found in 1.8% RH. Thisresult is
consistent with our hypothesis that oxygen
has a pronounced affect on the wear proper-
ties of microengines.

SEM failure analysis of a microengine
with a broken pin joint has revealed uneven
wear along the pin joint. By over-stressing
the microengines (by running them at 1720
Hz), the frictional forces between the pin
joint connecting the gear to the linkage arm
change severely [13]. These forces directly
impact the friction-bearing surfaces
throughout the microengine which may
cause the gear to fail by seizure or breakage
of the pin joint. Previous results [ 13] have
shown that these microengines exhibited
linear clamping. By optimizing the drive
signals, thus creating a fluent circular nmo-
tion of the pin joint and gear, the wear along
the pin joint and hub regions can be reduced
substantially.

Asillustrated in figure 1.9.10a, the pin
has rubbed against the gear’s pin joint
causing significant wear along the y-axis.
The preferential wear of the pin joint may be
aresult of abrupt changes in acceleration
that the gear experiences during each revo-
lution. This may be aresult of inadequately
optimized drive signals, linear clamping of
the actuators, manufacturing variation, or a
combination thereof. This mode of failure
can be detected in the optical microscope by
tracing the location of the debris along the
substrate. Figure 1.9.2c illustrates small
particles of wear debris on the substrate.
This debrisis preferentially distributed
along the y-axis (actuator) of this microen-
gine as we expected due to the y-axis
clamping. Through design modifications
and further optimization of drive signals,
issues involved with linear clamping have
been resolved.

[lustrated in figure 1.9.10b is a higher
magnification SEM image of the fractured
pin joint in the boxed region of figure



1.9.10a. Notice the significant wear along
the bottom of the pin joint. This non-
concentric wear indicates strong forces oc-
cur along that direction resulting in prefer-
ential wearing. This type of wearing process
can cause the pin joint to fracture, seize
(with the accumulation of wear debris), or
rock about the worn region. In arocking
failure, the gear will move but not make a
complete revolution at the inspection fre-

quency.

i & . “ 8 |
Figure 1.9.10. Non-circular wearing of the pin joint
connecting the gear to the linkage arm caused by
overstressing the microengine.

Focused lon Beam

Focused ion beam (FIB) systems are ex-
tremely valuable tools in the failure and
yield analysis of MEM S devices [14,15].
FIB systems use a focused beam of Ga+
ions (typically 25 — 50 keV) for precise ma-
terial removal (by physical sputtering), ma-

terial deposition (by ion beam assisted
chemical vapor deposition), and for imaging
(by detection of secondary electrons or ions
generated during beam exposure). The FIB
system provides the best method for pro-
ducing clean cross sections of the precise
area of interest in MEMS structures; cross
sections can be made of both large and small
structures with submicron accuracy. Fur-
ther, the FIB can also be used to free, and in
some cases remove, portions of the device to
enable the analysis of otherwise inaccessible
areas. [14,15]

We have used the FIB system extensively
in the evaluation of the amount and location
of wear debris formed during the operation
of microengines. FIB cross sections have
revealed debris |located throughout the pin
joint and hub regions of the microengine.
[llustrated in figure 1.9.11 isa FIB cut
through a gear tested at 1.8% RH. Thisim-
age illustrates the debris on the surface of
the gear as well as revealing a cross section
of the pin joint and hub regions. Figures
1.9.12a, b, ¢, and d show four cross-sections
of microengines from various humidity lev-
els. Note the change in the amount of wear
debris produced within the microengine with
varying humidity.

Figure1.9.11. MEMS device with an exposed cross-
section of the gear produced from FIB machining.



i &
Figure 1.9.12. MEMS gearstested in: 1.8% (b),
24% (c), and 39% RH (d) environments (control (a)).
Note the accumulation of debrisin as afunction of
humidity.

The FIB also helps resolve the root cause
of failure for various microengines. In in-
stances where the microengine is seized up,
it isimportant to determine the region most
susceptible to sticking.

Using the FIB, it became apparent that
the majority of seized regions occurred at
the pin joint. In this case, either worn mate-
rial from the pin joint accumulated and
caused the microengine to seize or the
wearing away of material allowed a pro-
truding part of the gear to get stuck in the
pinjoint. Another cause of seized microen-
gines can be attributed to induced motion or
displacement along the z-axis of the device
causing the bottom of the pin joint to contact
and adhere to the substrate.

Figures 1.9.13aand b illustrate seized
portions of the microengines occurring at the
pinjoint. The severe wear of the pin joint
revealed by the FIB cross-section indicates
that worn material had been accumulated
around the portion of the gear that contacts
the pin joint. The as-fabricated geometry
has changed from 90° sidewalls to rounder,
sharper ends protruding into the pin joint,
leading to excessive wear and damage. This

Rubbing
Surfaces

Figure 1.9.13. Seized microengine with the pin joint
sheared through (a). A microengine with the seized
region exposed (b). Note the wear along the pin
joint.

mechanism may also be the root cause in the
fracture of pin joints.

Another failure mode exhibited in earlier
generations of MEMS revealed wear along
the shuttle/guide regions. Asiillustrated in
figure 1.9.14aand b (FIB and optical im-
ages), wear tracks and debris were observed
along the shuttle area closest to the guide.
Upon FIB sectioning of the guide portion
closest to the shuttle (a), the shuttle became
mobile, and moved to its equilibrium posi-
tion (b).



Figure 1.9.15. Debristracks along the outer pe-
rimeter of the pin joint and hub on the surface of the
substrate.

Figure1.9.14. (&) Location of FIB cut on the pinned
link microengine guide of the up-down shuttle in a
failed binary counter. (b) Optical image showing
portion of the guide was severed by FIB cut and
moved to the left. The FIB cut freed the shuttle from

the guide.

Using the FIB, we have found tracks of
wear debris around the hub and outer pe-
rimeter of the pin joint asillustrated in fig-
ures 1.9.15aand b. Of primary interest was
evidence that a pin joint is firmly adhered to
the ground plane. This result indicates urn+
desirable displacement has occurred along
the z-axis resulting in the pin contacting the
ground plane. This motion may have oc-
curred when the hub and pin joint regions
were significantly worn away resulting in
wobbling aong the z-axis during operation.
The end result is friction welding of the pin
to the substrate.

Figure 1.9.16. Debrislocated on the bottom gear
surface (top) with debris accumulating along the
worn pinjoint. Note the lack of circular shape
around the pinjoint.

The bottom half of the gear also shows
accumulation of debris around the hub and
pinjoint regions. Figures 1.9.16aand b il-



lustrates significant wear along the hub and
pin joint with the build up of debris at the
pinjoint. Initialy, the gear failed by seizing
up as opposed to fracture of the pin joint.
However, while performing a FIB cut
through the hub and pin joint, the microen-
gine freed up and became mobile indicating
the FIB cut freed up the seized portion of the
polysilicon microengine.

Transmission Electron Micros-

copy

Transmission electron microscopy (TEM)
has been used to characterize the debris
morphology, crystal structure and chemical
composition. TEM was used to gain further
insight into the debris morphology because
of its high magnification and diffraction ca-
pabilities. Using a Philips CM30 300 keV
transmission electron microscope, the debris
morphology at low relative humidity has
been identified as either spherical or rod-like
structures. Spherical wear debris has been
found to be as large as 250 nm in diameter.
Rod-like debris was found to be up to 500
nm long with a diameter of 50 nm.

The morphology of the wear debris was
determined by imaging the various particu-
late geometries while rotating them through
angles of +/-25° and +/-30° in orthogonal x
and y directions, respectively. By tilting the
debris, no significant deviation from its ini-
tial geometry could be observed indicating
that the morphology is homogeneous
throughout a large degree of rotation.

TEM plan-view specimens were prepared
using areplica-stripping technique. A thin
section of poly-acetate film softened with a
drop of acetone was placed on the gear and
then stripped to remove the gear and linkage
arms from the microengine. The parts were
then coated with a thin carbon film and
transferred to a TEM specimen grid. The
remaining polyacetate film was dissolved
with acetone, allowing the gear and associ-

ated debris to rest on the carbon film sup-
ported by the TEM specimen grid.

Figure 1.9.17. Plan-view TEM images of alarge
sliver of debris (a). Note thelength of the sliver and
the smaller particles comprising this debris (b).

As illustrated in figures 1.9.17 a and b,
plan-view TEM reveds a large dliver of
material removed from the hub region of a
microengine tested in a 1.8% RH environ-
ment and displaced just beyond a gear tooth.
The large diver appears to be comprised of
smaller spherical and rod-like debris. This
debris accumulated along the sidewall of the
hub region (as illustrated in the SEM and
FIB images). We believe the debris was
torn off from within the hub region and
thrown outside the gear during testing.
Further chemical analysis of this debris s-
ing EDX and EELS indicates it is oxidized
silicon. Diffraction analysis has shown that
this debris is amorphous.

High-resolution electron microscopy did
not reveal any boundaries or other features
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to indicate that the spherical or rod-like con-
stituents are comprised of even smaller de-
bris. One drawback to this technique is that
at high magnifications, high-energy electron
transmission can change the sample mor-
phology due to localized hesting. In es-
sence, if smaller pieces of debris made up
the spherical and rod-like structures, any
boundaries in them may have been “fused”
together during imaging.

100 nm Fiber-like Debns

Figure 1.9.18. Wear debris produced at 39% RH.
Note the stringy piece of debris.

Comparing wear debris produced during
various humidities revealed a difference in
debris morphology. At higher humidities,
the debris appeared to be fibrous or stringy
asillustrated in the SEM micrograph of fig-
ure 1.9.7b. Upon TEM examination of the
wear debris, there were several regions
where these fiber-like structures existed. As
illustrated in figure 1.9.18, the wear debris
from a 39% RH sample shows an area with
fiber-like or filament-like debris. More de-
tailed microscopy (not shown) in these re-
gions indicated that the fiber-like debrisis
part of the sample and not an artifact result-
ing from sample preparation.

Electron diffraction analysis was used to
assess the crystalline properties of the de-
bris. Diffraction patterns obtained from wear
debris formed at low and high humidities
revealed the debris is amorphous (non-
crystalline) in both instances. Asillustrated
in figure 1.9.19, diffuse halos characteristic
of amorphous material are observed in dif-

fraction patterns taken from debris found in
1.8% and 39% RH (not shown). These re-

sults are compared with the diffraction pat-
tern taken from a portion of the gear. Note
the diffraction spots form sharp rings from

the polycrystalline silicon gear.

Amorphous

i S
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Figure 1.9.19. Diffraction patternsillustrating the
amorphous structure of wear debris (Ieft) compared
to adiffraction pattern of the polysilicon gear tooth
(right).

Polycrystalline

Energy Dispersive X-ray Spec-
troscopy

To identify the chemical constituents
comprising the wear debris, both energy
dispersive x-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS)
were employed. EDX in conjunction with
diffraction analysis indicated the presence of
amorphous oxidized silicon along the worn
surfaces. This indicates that the friction
bearing surfaces are becoming oxidized
during this experiment. Asillustrated in
figure 1.9.20, the chemical composition for
wear debris formed at 1.8% (not shown) and
39% RH is oxidized silicon. This spectrum
is shown with a spectrum from the gear
tooth to illustrate an increase in the oxygen
peak on the stress-tested samples. The car-
bon peak represented in both spectrais an
artifact resulting from the sample prepara-
tion technique. We believe localized hea-
ing is occurring aong the friction bearing
surfaces resulting in the formation of silicon
oxide. Contacting asperities along these
friction-bearing surfaces may oxidize them
during operation leading to wearing of oxi-



dized surfaces. By operating microengines
in vacuum the oxidizing environment is re-
moved from the system.
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Figure 1.9.20. X-ray spectrum comparing chemical
compositions of wear debris at high humidity with an

unworn region of the gear. Note the oxide peak in the
high humi dity spectrum.

Electron Energy Loss Spectros-
copy

Electron energy loss spectroscopy
(EELS) analyzes the distribution of energy
lost by beam electrons as they interact with
atoms in the analyzed volume of the sample.
The high energy loss region of the EELS
spectrum will contain a series of energy-loss
“edges’ characteristic of the different atomic
Species present, superimposed on an expo-
nentially decaying back-ground.

EEL S analysis of the debris formed at
~0.4% RH (nitrogen environment) indicates
the debrisis still oxidized silicon. In the
presence of a non-oxidizing atmosphere,
enough oxygen was present to provide pas-
sivation for the friction bearing surfaces of
the microengine during operation. Figure
1.9.21 shows a portion of the EEL S spec-
trum from this debris exhibiting a strong
oxygen-K signal at 532 eV onset. Note the
absence of any nitrogen signal, which would
occur at 401 eV onset. The lower energy
portion of this spectrum (not shown) con-
tained a strong silicon signal (L 3 edge) at

99 eV onset. Electron diffraction analysis
showed that this debris is also amorphous.
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Figure 1.9.21. EELS spectrum of debrisformed in a
nitrogen rich environment. Note the absence of a
nitrogen signal from the wear debris at 401 eV.

Atomic Force Microscopy

The atomic force microscope (AFM) pro-
vides very detailed topographic images and
surface traces across the sample. Figure
1.9.22 shows the wear debris produced in a
microengine on the drive gear of afailed
binary counter. AFM was also used to
measure the surface roughness wear tracks
produced along the guide of the microengi-
nes. Figure 1.9.23 shows a topology image
of an area, which includes the wear track.
Smoothing was observed in the track, com-
pared to the region just outside of the track.
A line scan is aso shown in figure 1.9.24.
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Figure 1.9.22. AFM topographic image of wear de-
bris produced in afailed binary counter.
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Figure 1.9.23. AFM topology image of awear track.
The dashed line indicates the position of line scan of
Figure 1.10.7.3.
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Figure 1.9.24. Topology line scan of the wear track.

Acoustic Emission

Acoustic emission was aso evaluated on
severa engines while they were running.
This involved the attachment of a sensor to
the package containing the microengines
and “listening” for acoustic events as micro-
engines were operated. No signal was re-
solvable above the background noise level,
but changes in vertical displacement were
observed.

Acoustic Microscopy

Acoustic microscopy was employed on
stationary microengines in an attempt to re-
solve contact between stuck gears and links
and the substrate. This technique is more
destructive to the sample due to the intro-
duction of water as a coupling fluid. The
acoudtic signa could not be trandated into
evidence of sticking, although morphologi-
cal features were resolved.

Figure 1.9.25 shows a sample of the vis-
ual output for a gear that had tilted, causing
agradient in its intensity across the image.
Combs were aso resolved, but no informa-
tion was gained regarding points of contact.

| C-sAM
| 400 MHZ

Figure 1.9.25. Acoustic microscopy resolves the tilt
of agear, but no contact.

Scanning Laser Microscopy

Scanning laser microscopy has been used
primarily to obtain confocal images. A con-
focal image is an image with a very limited
depth of field (depth of focus) created by
inserting an aperture in the optical path. By
taking a series of confocal images at differ-
ent focal planes, an extended depth of focus
image can be constructed. The extended
depth of focus image is particularly useful in
resolving elements that have abnormal verti-
cal displacements. Figure 1.9.26 shows an
example where a malfunctioning comb drive



was not free to trandate in plane, but did
deform out of plane under power. The im-
age in Figure 1.9.26 (a) was obtained by
subtracting an unpowered extended depth of
focus image from the powered one.

The grayscale in the image represents dif-
ferent sample heights. Bright areas indicate
alarger height. Both the low-magnification
and high magnification images of the comb
drives and shuittle reveal significant vertical
displacement. The bright region shown in
the shuttle and movable comb areas indi-
cates that these two components of the mi-
croengine levitates under power. The fixed
combs do not change height under power

Figure 1.9.26. (a) Levitation of tail end of shuttle
and movable combs. (b) Gradient of shuttle levita-
tion with larger field of view.

and appear dark in the image.

Infrared Microscopy

Severa operating microengines were ex-
amined using an infrared microscope to con-
struct thermal images based on the infrared
radiance emitted from the structures. Figure
1.9.27 shows a thermal image of the x-comb
drives of an early version of the microengine
during operation. The attached gear was
rotating irregularly with a pause in the rota-

tion cycle. Hot spots (areas where the radi-
ance increased in the image) were found in
the X-comb drives. We suspect the hot
spots were caused by intermittent contact of
the comb fingers. In gray scae, the hot
spots appear dark, and are indicated by ar-
rows in figure 1.9.27.

Figure1.9.27. Infrared image of defective operating
engine showing hot spots (dark in appearance) in X
comb drive area.

Figure 1.9.28. Infrared image of same engine at
rest.

No hot spots were found in the y-comb
drives, nor were found in the comb drives of
engines operating with smooth rotation or at
rest (figure 1.9.28).

This technique was also utilized to detect
comb fingers sticking to the substrate. As
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illustrated in figure 1.9.29, the arrow points
to a comb finger, which is not at the appro-
priate z-height from the substrate. Thisin
dicates displacement along the z-axisand in
this instance, the comb finger is stuck to the
substrate by stiction related forces.

Figure 1.9.29. Confocal image showing finger
which is displaced out of plane (arrow, darker con-
trast) and isin contact with the substrate.

Light Emission

The possibility of arcing at combs sug-
gested the use of light emission analysis,
(common in FA of 1Cs). The same micro-
engine that exhibited the hot spots in Figure
1.9.27 was analyzed using LE, but no emit-
ted light was resolved under the same oper-
ating conditions.

Laser Cutting

A laboratory laser cutter has been used to
excise portions of circuits and sever connec-
tions to determine which elements are free
or stuck. It has aso been used to impart en
ergy to members such as gears and links
which moves like a shock wave to agitate
discrete portions of the overall system (Fig-
ure 1.9.30).
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Figure 1.9.30. Laser marks used to free up aregion
of the microengine.

Lift-off techniques

Carefully removing elements using a
conductive laboratory adhesive tape used for
SEM mounting has added another dimen-
sion to post-mortems of microengines. By
looking at the bottom surfaces of engines,
details of operation such as the accumulation
of wear debris or out of round damage to pin
receiver holes can be checked. Figures
1.9.31 and 1.9.32 illustrate the lift out tech-
nigue looking at the underside of a gear half
(1.9.31) and the bottom side of a shuttle
(2.9.32).

Figure 1.9.31. Microengine gear that has been mi-
crosectioned in the FIB and separated for SEM ex-
amination of bearing surfaces.



Figure 1.9.32. Microengine shuttle with the gear
microsectioned off in the FIB.
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2.1 Introduction

This section will document the develop-
ment of reliability test structures. By far, the
most used device for studying reliability has
been the Sandia microengine [16]. The mi-
croengine is the actuator used in most of our
applications, devices like transmissions, gear
trains, linear racks, and pop-up mirrors [17].

The microengine consists of orthogonal
linear comb drive actuators mechanically
connected to a rotating gear as seen in Fig-
ure 2.1.1. By applying model-based volt-
ages, the linear displacement of the comb
drivesis transformed into circular motion of
agear [18]. TheX and Y linkage arms are
connected to the gear viaapin joint. The
gear rotates about a hub, which is anchored
to the substrate.

views of the comb actuator (top left) and the rotating
gear (bottom left).

The following subsections will describe
the modules designed specifically to per-
form reliability work. Because we are inter-
ested in large sample sizes, we typicaly
pack as many devices of the same variety
into one module as possible.

Subsection 2.2 describes the module us-
ing the standard microengine. In subsection
2.3, we report on a module with a newer
symmetric microengine. Subsection 2.4 will
describe a device developed to easily ob-
serve wear using comb actuators. A modi-

fied symmetric actuator and an actuator gage
designed to measure displacement are re-
ported in subsection 2.5.

A new method and apparatus to measure
force in MEMSS devices was developed and
is described in subsection 2.6. The method
uses the actuator gage for spring constant
measurement.

[16] E. J. Garcia and J. J. Sniegowski, “Sur-
face micromachined microengine”’, Sen-
sors and Actuators A, Vol. 48, 1995, pp.
203-214.

[17] http://ww.mdl.sandia.gov/Micromachine

[18] S. L. Miller, J. J. Sniegowski, G. LaVi-
gne, and P. J. McWhorter, "Performance
tradeoffs for a surface micromachined
microengine”, Proceedings of SPIE M-
cromachined Devices and Components
Il, Vol. 2882, Austin, October. 14-15,
1996, pp. 182-191.
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2.2 TP122 module 8

This was the first module designed for
reliability testing. A photograph of the en-
tire module is shown in Figure 2.2.1. It con
sists of 3 microengines with gears and 1 mi-
croengine without agear. In order to make
the bond pads accessible, each microengine
isrotated by 90° and positioned in the adja-
cent quadrants of the module. The microen-
gines are numbered for reference.

The structures seen inside the microen-

gine perimeter were various types of align-
ment marks. Many types and sizes were
fabricated so that we could choose the mark
most recognizable for automated position-
ing.

Microengine 1 and 2 areidentical. An
image of the gear is shown in Figure 2.2.2.
The gear isin its fabricated (or ‘rest’) pos-
tion defined to be 0°. Microengine 3, also
shown in the figure, has no gear. It isused
for set-up purposes (see sections 1.7 and
3.6) and can be run in conjunction with the

Figure2.2.1 The TP122 module 8 die has four microengine structures.



other microengines to separate out failures
associated with the gear-hub mechanism
versus the actuators.

An image of microengine 4 is shown in
Figure 2.2.3. This gear was modified for
use with a micromachine optical probe
(MOP) which consists of alaser and detec-
tor developed to sense the motion of the

Figure 2.2.2 The top image shows the standard mi-
croengine gear of engine 1 and 2. The bottom image
shows the gearless microengine, which is used for
Set-up purposes.

Figure 2.2.3 The arrow indicates the tooth with the
etched holes for identification in microengine 4.

teeth [19]. One of the gear teeth has etched
holes for identification purposes using MOP.
The holes scatter the laser light differently
than the other teeth, which provides a
marker in the reflected light.

The two large etched holes in the gear
face were intended for image anaysis. All
of the gears have dimples under the gear
teeth to prevent wobble.

This module was used for many of the
experiments documented in section 3. Dur-
ing the course of this work, it was experi-
mentally determined that the Y comb drive
“linearly clamps’ during a portion of rota-
tion of the gear [20]. The clamping was due
to the force from the fringing fields at the
ends of the comb fingers that occur when the
combs are fully engaged. This effect in-
creases the force on the drive pin joint.

[19] Scott Holswade and Fred Dickey,
“Optica measurement of micromachine
engine performance,” SPIE Proceedings
Vol. 3224, 1997, pp.131-140.

[20] S. L. Miller, M. S. Rodgers, G.
LaVigne, J. J. Sniegowski, P. Clews, D.
M. Tanner, K. A. Peterson, “Failure
Modes in Surface Micromachined
MicroElectroMechanical Actuators,”
Proc. 1998 |EEE International
Reliability Physics Symposium, Reno,
NV, 1998, pp. 17-25.
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2.3 TP122 module 9

This was the first module designed for
reliability testing using a newer version of
the microengine with symmetric drives.
These actuators do not clamp (either linearly
or laterally). A photograph of the entire
module is shown in Figure 2.3.1. It consists
of 3 microengines with gears and 1 micro-
engine without a gear. In order to make the
bond pads accessible, each microengine is
rotated by 90° and positioned in the next
guadrant of the module. The microengines

are numbered for reference.

The structures seen inside the microen-
gine perimeter were various types of align-
ment marks. Many types and sizes were fab-
ricated so that we could choose the mark
most recognizable for automated position-
ing..

Microengine 1 and 2 are identical. An
image of the gear is shown in Figure 2.3.2.
Note the change from Figure 2.2.2 for the
fabricated (‘rest’) position of the gear. Be-
cause symmetric actuators are used, the gear
isrotated 45° from its previous position.

=

BHYSIES

Figure2.3.1 The TP122 module 9 die has four microengine structures.



The gear diameter is 80 mm. Microengine 3,
also shown in the figure, has no gear. Itis
used for set-up purposes (see sections 1.7
and 3.6) and can be run in conjunction with
the other microengines to separate out fail-
ures associated with the gear-hub mecha-
nism versus the actuators.

An image of microengine 4 is shown in

Figure2.3.2 Thetop image shows the standard
microengine gear of engines 1 and 2. The bottom
image shows the gearless microengine, which is
used for set-up purposes.

Figure 2.33The row micatesthe tooth witth
etched holes for identification in microengine 4.

Figure 2.3.3. This gear was modified for
use with a micromachine optical probe
(MOP) which consists of alaser and detec-
tor developed to sense the motion of the
teeth [21]. One of the gear teeth has an
etched hole for identification purposes using
MOP. The hole scatters the laser light dif-
ferently than the other teeth, which provides
amarker in the reflected light. The etch
hole here is different from TP122 module 8.

The two large etched holes in the gear
face were intended for image analysis. All
of the gears have dimples under the gear
teeth to prevent wobble.

The symmetric actuators employed a dif -
ferent guide system with more lateral con-
straint and an attempt at vertical constraint.
It is shown in Figure 2.2.3. The two guides
prevent lateral motion of the shuttle. In the
figure, the shuttle moves up and down. Our
fabrication design rules require 1-micron
gaps, which is shown with the shuttle in the
rest position. When the shuttle moves up or
down that gap reduces to 0.25-micron.

Also shown in the figure are the layer in-
dentations where dimples are formed. The
typical separation between polysilicon layers
is2 micron. The dimple protrudes down
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R
Figure 2.3.4 This SEM image of the shuttle and
guides shows the indentation made by the long dim-
ples to reduce vertical motion.

into this separation thus reducing it to 0.5-
micron. The dimple was originally designed
to serve as vertical restraint to control the
levitation of the combs.

It was hoped that these microengines
would be much more reliable than TP122
module 8. However, the new actuator
guides added friction and another source of
rubbing. Theinitial experiment with this
module had alifetime an order of magnitude
worse than TP122 module 8.

The dimple and the tighter lateral toler-
ance both caused excessive wear and adhe-
son. A later version, TP157, eliminated the
dimple and increased the gap to 0.5 micron
hoping to improve the lifetime results.

[21] Scott Holswade and Fred Dickey,
“Optica measurement of micromachine
engine performance,” SPIE Proceedings,
Vol. 3224, 1997, pp.131-140.
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2.4 TP157 module 3

After it became evident that wear was a
substantial factor in failed microengines, we
developed a device to mimic the wear inside
the hub of the microengine. Probing inside
the hub required a FIB cut which was ex-
pensive and time consuming. Development
of this wear device allowed direct viewing
of the worn surfaces.

The wear device was fabricated as areli-
ability-testing module. 1t used a newer ver-

= T

Figure2.4.1 The P157 odule die has three wear stuctures, agearless microengine and aforce detector.

sion of the microengine with symmetric
drives that do not clamp. A photograph of
the entire module is shown in Figure 2.4.1.
It consists of awear device with a smooth
rubbing surface (1), two wear devices with
defined surfaces (2 and 3) and a gearless mi-
croengine (4). Inthe center of thedieisa
‘Force Detector,” which will be described
fully in section 2.6.

In order to make the bond pads accessi-
ble, each device was rotated by 90° and po-
sitioned in the adjacent quadrant of the
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Figure2.4.2 SEM image of the wear device which shows the wavy-edged disk that rotates against the inner

wall of the cylinder.

module. The devices are numbered for ref-
erence. Bond wires appear as dark linesin
Figure 2.4.1.

A view of the wear deviceis shown in
Figure 2.4.2. Thex andy linkage arms are
connected to afixed disk. By applying the
proper voltages to the actuators connected to
the other end of the linkages, we can move
the disk so that it rubs against the inner sur-
face of the cylinder. Thereisalead to apply
a pull-down voltage if the disk tends to pop
out of the cylinder. In order to prevent
charge build-up on the disk, the center of the
ground plane was grounded to the substrate
through the square array of nitride cuts. To
inspect for wear debris, we simply lift the
disk out of the cylinder and look at each sur-
face.

The disks were fabricated with two sur-
face morphologies. The smooth-edged disk
is shown in Figure 2.4.3. This represents the
surfaces of the microengine and can be used
for inspection of wear tracks. The wavy-

Figure2.4.3 SEM image of the smooth disk that
rubs against the cylinder.

edged disk has 20 equally spaced curves on
the rubbing surface and is shown in Figure
2.4.4. Each curve has a defined radius of
curvature of 1 mm. The wavy-edge disk al-
lows determination of the contact angle of
the rubbing surfaces so that the coefficient
of friction may be calculated.

Using model-based drive signals with no
radia or longitudinal force, the wear device
will move in the same 17-nm circle asthe
microengine without touching the cylinder



Figre 2.4.4. SEM image of the wavy-edged disk
that rubs against the cylinder.

Figure2.4.5. SEM image of the gearless device.
The circle was defined by ground plane cutsto have
aradius of 17-mm.

walls. Inputting aradial force into the
equations will provide a normal force to the
rubbing surfaces.

The other crucial device on this module
is a gearless microengine. The only way to
check the model-based drives signalsis to
track a microengine that’s not constrained
with agear and hub. The device shown in
Figure 2.4.5 allows tracking of the move-
ment of the linkage arms. The 17-nm circle
formed by etch holes in the ground plane
definesideal motion. The circular post in
the center and the large etch hole in the link-

age arm joint provide good marks for image
analysis.

We discovered that the guides in the wear
device were contributing friction that was
not accounted for in the equations. We have
successfully broken off the guides and can
map out a perfect circle using our model-
based drive signals.

Our preliminary testing of the device re-
vealed an inadequacy in the design. The
pull down voltage ring does not provide the
proper areato yield enough electrostatic
force to hold the device in the cylinder. This
will be fixed in the redesign.

We also found that the image analysis
routine could use better defined circles to
track the center of the cylinder and the cen-
ter of the disk. Again, thisis an easy redes-
ign fix.



2.5 TP157 module 4

This was another module designed for
reliability testing using a newer version of
the microengine with symmetric drives that
do not clamp. A photograph of the entire
module is shown in Figure 2.5.1. It consists
of two microengines driving load gears and
two simple microengines. In order to make
the bond pads accessible, each microengine
isrotated by 90° and positioned in the next
quadrant of the module. The microengines
are numbered for reference.

The structure seen inside the microengine
perimeter is an actuator with a gage to
measure displacement. The structuresin the
lower corners of the module are resoretors.

The improvements made over TP122
module 9 were a) removal of the dimplein
the guide, b) widening the tolerance in the
guide to 0.5 micron, c) providing separate
grounds for each microengine, d) adding
another flexure, and €) using a triangular
grouping of the alignment marks near each
gear.

Microengines 1 and 2 are identical. An

Figure 2.5.1. The TP157 module 4 die has four microengine structures. The upper two microengines drive load
gears.
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Figure2.5.2. SEM image of the coupling between
the drive gear and the load gear.

image of the drive gear and a portion of the
load gear are shown in Figure 2.5.2. The
drive gear in the picture has 19 teeth and a
diameter of 80-nm. The linkage arm flex-
ures are 2-nmm wide and 40-nm long.

The simple microengine is shown in Fig-
ure 2.5.3. Note the new flexurein they
linkage arm and the triangular array of
alignment marks. The rest position of the
gear is rotated 45° from the position in the
standard microengine.

flexure

Figure 2.5.3. This SEM image of the microengine
shows the new flexure for they linkage arm and the
triangular array of alignment marks. The gear has a

diameter of 80-mm.

The actuator gage shown near the center
of the die alows the measurement of voltage
applied to the electrostatic combs versus
displacement. The actuator and gage are

.........

Figure2.5.4. Thetop view isanimage of the ac-
tuator. A close-up of the gage (circled region) is
shown in the lower figure.

shown in the top of Figure 2.5.4 and a closer
view of the gage is shown on the bottom.

Applying voltage to the lower left pad of
the actuator causes the gage to move left
(pull). The opposite effect will happen
when applying voltage to the upper left pad
(push). The gage was designed to measure
more pull than push because of the function-
ality of the actuator.
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In our first test of the gage and actuator,
we applied voltage to pull the gage to the
left in 2-micron steps. Data from thistest is
shown in Figure 2.5.5. We plotted voltage
squared versus displacement to achieve a
straight line. This gage was used in con-
junction with the force detector described in
the next subsection.
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Figure 2.5.5. This data was taken with the actuator
and gage. Voltage was applied to pull the gage back
in 2-micron steps. The distance it must move for
proper operation is noted on the graph.



2.6 Force Detector

In order to characterize an electrostatic
actuator, the spring constant and force out-
put of the actuator must be determined. The
measurement of force output requires the
actuator to move a known structure (typi-
cally acantilever beam) a measurable dis-
tance. Bending equations are then used to
calculate the force. We will describe a
novel test structure called the ‘force detec-
tor’ and the complete techniques used to
determine force and spring constant.

The force detector consists of aring of
polysilicon anchored to the substrate at one
location and attached to the actuator 180 de-
grees from the anchor as shown in Figure
2.6.1. Theringradiusis 250 nm and the
width of the ring was 4 mm. The ring thick-
ness was defined in our processto be 2.5
mm. Pulling from the actuator end will
elongate the ring, with deflections measured
in three locations (X, Y1, and Y2). A closer
view of the calibration tick marks (each
mark is 1 nm wide and they are separated by
1 nm) are shown in Figure 2.6.2. The upper

Anchor

Actuator

Figure2.6.1 This SEM image of the force detector shows the ring and the location of the anchor and actuator.
The force detector ring has gages at the three locations of X, Y1, and Y 2.
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Figure2.6.2. The upper SEM image showsthe Y1
deflection measurement. Note the ring and the
higher-level polysilicon strap. The X deflection
measurement arm that attaches to the actuator is
shown in the lower SEM image.

SEM image shows the ring in relation to the
tick marks and the higher level polysilicon
strap used to prevent curl in the structure.
The lower SEM image is a closer view of
the actuator attachment to the ring. Note the
tick marks used for deflection measurement.

Standard formulas for circular rings were
used to calculate the force necessary to
cause deflection [ 22]. For deflection toward
the actuator (Dy), we have

Frd
D, =0.137 = (@)
wherer istheradius of thering, E is
Y oung's modulus for polysilicon (0.155
N/mmr?), and | is the bending moment. A
similar equation exists for deflections in the

y direction (Dy),
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Fr3
D, =Dy, + Dy, =-0.149-

2

where the negative sign indicates move-
ment toward the center of thering. The
bending moment, I, is

| =bw’/12 ©)
wherew is the width of the ring (4 nm) in
the plane and b is the polysilicon layer
thickness (2.5 nm).

Equations 1 and 2 can be solved for
force, F, so that when we apply a voltage
and measure a deflection, calculating the
force is straightforward. In electrostatics,

F=-av? 4
where the minus sign indicates an attrac-
tiveforce. The constant, a, is smply the
sopeof F versus V2.

The determination of spring constant, K,
requires asimpler structure consisting of an
actuator and a gage. Figure 2.5.4 in the pre-
vious subsection shows the gage used for
this measurement; the actuator was located
to the left of the figure and is not shown.
The tick marks were fabricated in the polyO
level and the movable gage was fabricated
in an upper poly2 level. Voltage was ap-
plied to the actuator which caused deflec-
tions, X, in the gage. We then plot VV? versus
x and use the equations,

F=kx=aVv? (5)
to calculate the dope, k/a. The earlier value
of a combined with this result will yield a
vaue for k.

The voltage was adjusted on the force
detector actuator to yield displacement steps
in the X gage of 2 mm. Data from five force
detectors is shown in Figure 2.6.3. Each set
of data was analyzed using linear regression
and the dope was determined. The average
a using this technique was 1.34 + .06 x 10*
mN/V2,

Data from the gage was acquired in the
same manner. The voltage in the actuator
was adjusted to yield displacement steps of
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Figure2.6.3. Datafrom the force detector. The
electrostatic constant, a, was determined from the
slope.
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Figure 2.6.4. Datafrom the actuator and gage are
shown. The actuator must move to the operation line
in order for amicroengine to run.

2 mm. Datafrom five gagesis shownin
Figure 2.6.4 where each slope was deter-
mined. The average k/awas60.2 + .3.9
V2/mmm. For operation of amicroengine, the
actuator must move at least 29 nm and that
displacement is noted on the graph.

Both data sets reveal the variation in the
fabricated devices. The value of spring con-
stant was calculated as .083 + .0065 N/m
that has a combined error of roughly 10%.

[22] R.J. Roark, “Formulasfor Sressand
Strain,” Fourth Version, McGraw-Hill
Book company, p. 172, 1965.
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Chapter 3. Reliability Experiments

3.1 Introduction
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3.1 Introduction

All of the sections that follow are data
and discussions of the reliability experi-
ments that we have performed. Our experi-
ments started with an attempt to answer the
guestion, “how do these MEMS devices
fail?’, and ended with a focus on environ-
mental effects.

Section 3.2 describes the first reliability
test performed on the Sandia microengine.
In section 3.3, we describe the stressing of
many microengines at various frequencies,
which led to our first reliability model.

In section 3.4, we show how the design
of aguide linkage led to areliability prob-
lem. Actuator reliability (a microengine
without a gear) is addressed in section 3.5.

The drive signals, which cause circular
movement of the gear in a microengine,
must be optimized for proper performance.
Section 3.6 discusses some of the aspects of
this optimization.

The next six sections document our work
with various environments. Section 3.7 dis-
cusses temperature cycling effects and sec-
tion 3.8 documents the shock experiments

performed. Vibration is addressed in section

3.9 and humidity in section 3.10.

A chamber specifically designed for ex-
perimentation on MEMS devices in very
well controlled environments is described in
section 3.12.

Experiments involving the newer non-
clamping microengine are described in sec-
tion 3.13.
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3.2 First reliability test

Below we describe the first-ever reliabil -
ity stress test on surface micromachined mi-
croengines [23]. We stressed 41 microengi-
nes at 36,000 RPM and inspected the func-
tionality at 60 RPM. We have observed an
infant mortality region, aregion of low fail-
ure rate (useful life), and no signs in the data
of wearout. The mgority of the failures
were aresult of lateral clamping of the comb
finger actuation system. This clamping fail-
ure occurred before wearout could be ob-
served. A design change preventing lateral
motion of the shuttle was recommended.

Experiment Description

The structure tested was the SNL micro-
engine, which consists of orthogonal linear
comb drive actuators mechanically con-
nected to arotating gear as seen in Figure
3.2.1. These microengines are a useful test
vehicle to identify failure modes and meth-
ods since they possess the rotational/sliding
friction components found in many devices.
Based on previous work [ 24], quantifying
the process of degradation by observing the
changes in behavior of the microengine to

—

failure should yield significant results.

In our experiment to study a statistically
significant number of microengines, 52
packages with glass observation covers were
put on test. The unsealed covers prevented
particle contamination, however the micro-
engines were exposed to the ambient envi-
ronments of temperature and humidity of the
|aboratory.

There were two microengines, repre-
senting different flexure types, on each die
attached in each package. The flexure was
either thin (1 nm wide by 25 nm long, as
seen in Figure 3.2.1) or thick (2 mm wide by
50 nm long). The flexures are located near
the gear where the linkage arms meet and
where the shuttle attaches to each linkage
arm. Inour initia scan to check functional-
ity, we identified 41 working engines to per-
form the stress test.

The stress test involves a repeated proc-
ess of stressing the engines at 36,000 RPM
for a defined number of revolutions and then
observing functiondity at 60 RPM. The
stress speed of 36,000 RPM was chosen to
be below the resonance of the comb drives.
In the transition from one speed to the other,
we decelerated in one revolution, momen-
tarily stopped the gear (for roughly one sec-

restoring
springs

LJ

flexure

L pin joint
Fé

actuator

Figure 3.2.1. The microengine with expanded views of the comb actuator (Efight) and the rotating gear
(bottom left) shown in what we define as the 6 o’ clock (or 0°) position.
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ond) and then accelerated, again in one
revolution, to the other speed. We made the
assumption that the stress during the obser-
vation period was negligible.

Our criterion for afailed part was the in-
ability to complete arevolution (cycle).
During the observation period, we made a
decision about the functionality of the en-
gine, flagged the failed engine or com-
mented on the motion of afunctioning en-
gine, and recorded the motion of the micro-
engine on video for post test analysis.

At the beginning of the test we stressed
for a short duration expecting the weaker
partsto fail quickly. Asthe test progressed,
the duration of the stress was increased. The
entire test lasted for 28 days with a total of
32 separate stress periods.

The progression to failure was similar in
most of the microengines that we observed.
The gear went from rotating smoothly to
momentarily sticking but completing a
revolution. This erratic behavior then led to
either the gear oscillating, typically between
the 7 o'clock and 11 o’ clock positions, or
freezing in one position.

Data Analysis

The long-term reliability test resulted in
over ahillion "stress" cycles (revolutions)
on the longest running engines. The last
‘record-breaking’ failure was at 7 billion
cycles. Because the parts were observed at
fixed ingpection times, common to al the
parts, the results fall in the category of reli-
ability data called "interval" data. Thisis
also commonly known as "grouped" or "in-
spection” data. Useful methods for analyz-
ing this type of data are documented in Nel-
son [25,26] and Peck [27].

All of the 41 working engines that started
the test eventually failed. They exhibited a
decreasing failure rate, with no sign of
wearout evident in the data. Figure 3.2.2
shows two separate views of the same esti-
mated hazard rate (i.e. instantaneous failure
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Figure 3.2.2. The instantaneous failure rate (fail-

ures per million cycles) was plotted on different

scales. The top curve (A) shows the early failure

infant mortality region. The bottom curve (B)

shows a more detailed representation of the d-
creasing failure rate throughout the life test.

rate) data from thistest. The units on the
vertical axis are failures expressed in parts
per million (ppm) cycles, i.e. the estimated
number of failures that would be expected in
one million total device-cycles. Thisdatais
“smoothed” by averaging any failures over
the stress interval since the last observed
failure, providing a conceptual plot of the
decreasing failure rate typically associated
with the first part of the familiar “bathtub”
curve[28]. The"accumulated cycles’ axis
represents the geometric midpoints in the
stress intervals, which is a somewhat arbi-
trary choice of where to assign the failure
times, but consistent with the observed de-
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Figure 3.2.3. Microengine failure data fit to a
Weibull distribution.

pendency of failure rate on logarithmic time.
Figure 3.2.2A uses a linear “accumulated
cycles’ scaeto illustrate a generaly de-
creasing failure rate up to about 1 billion
cycles; Figure 3.2.2B uses alog-log scaleto
show the decreasing tendency in failure rate
throughout the life test.

The fact that a straight line could be rea-
sonably fit through the data on the log-log
plot of Figure 3.2.2B indicates that an in-
verse power-law can describe the hazard
rate, and in fact the Weibull distribution for
decreasing failure rates has a hazard rate
function of that form. This curveis primar-
ily meant to beillustrative of a generally de-
creasing failure rate, and is not a robust
curve from which to derive a distribution
model. Figures3.2.3 & 3.2.4 show attempts
to fit the data to classical distribution mod-
els.

Weibull Distribution

Figure 3.2.3 depicts the fit of our micro-
engine failure data to the Weibull distribu-
tion model. The resulting straight-line fit
indicates that the Weibull distribution isa
reasonable model for cycles-to-failure of
these devices. The Welbull fit resultsin an
estimate for the "characteristic life" of a =

66 million cycles (the characteristic lifeis
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Figure 3.2.4. Microengine failure data fit to a log-
normal distribution.

defined as the point in time when (1-e%)
100% = 63.2% of the parts are expected to
fail), and an estimate for the shape parame-
ter of b = 0.22. The shape parameter is es-
sentially a measure of dispersion, and lower
values correspond to greater spread in loga-
rithmic lifetime. Typical values of b for
production-ready electronic and mechanical
products fall in the range of 0.5 to 5 [28].
The considerably wide dispersion in life-
times for the microengines is to be expected
because there is still considerable process
learning to occur in this infant technology.

Lognormal Distribution

Figure 3.2.4 depicts the fit of our micro-
engine failure data to the lognormal distri-
bution model. The resulting straight-line fit
indicates that the lognormal distribution is
also areasonable model. The lognormal fit
results in an estimate of a median lifetime of
ts00s = 7,800,000 cycles, which means that
50% of the parts would be expected to fail
by 7,800,000 cycles. The estimate for the
lognormal shape parameter iss =5.2. In
this case, the relatively high value of the
lognormal standard deviation again indicates
alarge spread in the log lifetimes. Typica
semiconductor products show lognormal



standard deviations in the range of 0.1 to 1.0
[28].

In the case of the lognormal distribution
fit it is not simple to determine if the failure
rate is decreasing, constant or increasing,
since the lognormal distribution can mani-
fest adl of these in asingle unimodal case.
By physical argument, it is reasonable to
expect that atransition from infant mortality
(decreasing failure rate) to wearout (in-
creasing failure rate) would be dueto a
change in physical failure mechanism and
bimodality would be observed in the distri-
bution fit. Still, increasing and decreasing
failure rates cannot be easily discriminated
on alognormal probability plot.

If we examine the lognormal plot more
closely, we observe a bimodal distribution
asseenin Figure 3.2.5. Thisisatypica ‘s
shaped’ curve, which implies the presence
of two populations. The slopes are equiva-
lent implying one dominant failure mode.
The upper population had a median time to
failure of tsos Of 2.5 x 10° with a sigma of
0.8. The lower population had a median
time to failure of 1.4 x 10° with a sigma of
1.0.

Further examination of the data showed
that most of the thick flexures were the ear-
lier failures. The thin flexures were the
population that lasted longer. Thiswill be
explained later.

Data Analysis Results

Across the range of failure probability
estimates generated from this data, the two
distributions turn out to be almost indistin-
guishable, i.e. the Weibull and lognormal
distributions both fit the observed data
equally well. In fact, visual comparisons of
the probability density function, cumulative
distribution functions and failure rate plots
of the lognormal distribution (in the high s
case) and the Weibull distribution (in the
low b case) show that they can have very
similar shapes. So, with consistent charac-

Lognormal Probability Plot
with Bimodal Analysis

te.=2.5E8
s =0.8

10°

tse,=1.4E5
s=1.0

Accumulated Cycles

1 5 10 20 3040506070 80 90 95 99
Cumulative Percent Failures

Figure 3.2.5 There were two populations leading to a
bimodal distribution which coincided with the flexure

type.

teristic lifetimes (as is necessarily the case
here, since we are using the same data) and
the respective shape parameters that were
derived from the lognormal and Weibull
distribution fits, the two distributions are
evidently nearly indistinguishable across the
observed range of failure data.

The fact that the failure rate is consis-
tently decreasing indicates that the parts
contain defects that result in the observed
failures. This "weeding out" processistypi-
cally called infant mortality and necessarily
results in a decreasing failure rate because
each loss of a defective part renders the re-
maining sample more defect-free.

Another implication of the observed de-
creasing failure rate is that effective burn-in
schedules can be devised, once the manu-
facturing process is sufficiently under con-
trol that stationary statistics can be applied.
The goa would then be to weed out enough
defective parts that the failure rate of the
remaining parts is acceptably low, usualy
expressed asa FIT (failures-in-time) or ppm
(parts per million) requirement. Such a
burn-in schedule would have to be periodi-
cally supplemented by long-term life tests to
ensure that wearout (increasing failure rates)
never starts occurring unacceptably soon,
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impinging on the required lifetime of the
parts.

There is one potentially important caveat
to the conclusions stated, and that liesin the
method in which the data was obtained. As
explained previoudly, the parts were stressed
at high speed (36000 rpm), and then slowed
down to a slow speed (60 rpm) to observe
their operation. In fact, due to the nature of
the experimental apparatus, the engines were
actually decelerated to a stop for one second
during any transition in speed. The analysis
presented assumes that degradation accu-
mulated during the high-speed "stress" in-
tervals, and was negligible during the slow
speed inspection intervals, the very brief
pauses, and the deceleration and acceleration
periods. (Thisis analogous to the concerns
raised commonly in product life tests when
parts that are stressed at high temperature
are brought down to room temperature for
inspection, resulting in undesired thermal
cycling.) An attempt to analyze the failure
data as a function of these deceleration, stop,
slow speed, stop, acceleration cycles was
inconclusive, but showed a generally con
stant failure rate.

A constant failure rate isindicative of a
failure mechanism that has no "memory"”,

i.e. it is due to random external eventsand is
not heavily influenced by defectivity or
wear. For example, the chance encounter of
obstructing contaminant particles with did-
ing surfaces could result in a constant failure
rate, if the likelihood of such encounters
were nearly equal for al microengines.
Hence, there remains the possibility that the
decreasing failure rate reported here is an
artifact of the approximately logarithmic
"stress’ intervals that were chosen for the
test.

Failure Analysis

After each microengine failed, we re-
corded the position of the pin joint relative
to itsrest position. The upper portion of

Figure 3.2.6 shows the gear with the pin
joint in the rest position defined as 0°. The
lower portion of the figure shows a map of
locations of failure. The gear was *stuck’
with the pin joint in these locations. Notice
that the failure locations are grouped around
0° or 165° implying that the microengines
fail in preferred positions.

Pin Joint

Figure3.2.6 The upper image shows the location of
the pin joint at rest which is defined at 0°. The
lower plot shows the pin joint location at failure.

Further examination of the comb fingers
of 30 microengines reveaed that 24 had lat-
erally clamped comb fingers as shown in
Figure 3.2.7. The left image in the figure
shows the moving shuttle and combs cen-
tered between the pull-up and pull-down
stationary combs. However, the upper right
image shows the movable fingers shifted to



the left. The arrow indicates the comb fin-
ger that is shorted. The lower right image
also shows a shorted comb finger. The fin-
gers touched during operation allowing cu-
rent to flow and the result was welding of
the polysilicon material. In order to assure
ourselves that this was the failure mode, we
used a focussed ion beam (FIB) to cut
through the welded area and that microen-
gine returned to its rest position.

As mentioned earlier, the thin flexures
outlived, for the most part, the thick flex-
ures. This may have been due to greater
compliance which prevented the comb teeth
from touching.

Other failure analysis (FA) activities have
consisted of examination of several failures
from the first lifetime test which appeared to
be stuck at some location on the microen-
gine structure. “Stuck” asit is used here,
means surfaces adhering to each other (i.e.,
as opposed to failing to complete a revolu-
tion). Usually thisis a permanent condition,
however two types of exceptions were ob-

L
i
0
i
i
i
0

- (Il\/k)vingst]uttle

Typical Comb Drive at Rest

Figure3.2.7. Theleftimageisatypical comb drive at rest. The two right images are examples _

served. One may have been afailure
mechanism wherein a gear stuck momentar-
ily at some point in its rotation, and then
freed itself due to a combination of in-
creased force or mixed motion between
rocking and rotation. A second isthere-
versible cyclic contact between opposing
combs. Permanent lateral sticking of asin-
gle comb finger coincided with stopping the
operation of two microengines during FA
troubleshooting.

Two scanning electron microscopy
(SEM) techniques, new in the application to
MEMS, have been utilized to study the mi-
croengines. The first was passive voltage
contrast (VC), where no external voltage
was applied to the packaged part and all the
pins were grounded. Contrast arose from
the fact that electrically isolated elements
attained a different potential, due to charge
injection from the electron beam, than did
ground elements. The secondary electron
yield, which was used to construct the im-
age, depended on this potential. Figure

- j §
./ B4 ALKk i

Stuck at 270°

clamping of the comb fingers with arrows indicating welded fingers caused by current flow through the fingers.
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Figure 3.2.8. Passive voltage contrast image of pin
joint micromachine showing charging of links, gear
with respect to sample. Arrows show change of po-
tential dueto pinjoints.

3.2.8 shows such an image at 1keV acceler-
ating potential, where the isolated two link
arms and gear charged to a positive potential
with respect to the rest of the sample, re-
sulting in a dark appearance of those ele-
ments. The shuttles were grounded through
their springs, and the hub was grounded
through its attachment to the substrate. The
links and gear were only grounded if the
physical contact at pin joints resulted in
electrical contact, which was not occurring
in this case. On the contrary, Figure 3.2.9
shows that the electrical connection pro-
vided by the flexible links drains charge
from the link arms, but that the gear till
charged positively, as it was not directly
coupled to either the link arms or the hub.
Passive VC imaging also identified one
comb drive and associated interconnect line
which have charged to a positive potential
with respect to the opposing comb drive and
the rest of the sample, even though al the
package pins were grounded. Figure 3.2.10
shows a darker appearance on the Y comb
on the left, compared to the comb on the
right, which is attached to the shuttle.
Tracing this line in the SEM, the effect
seemed to be due to the resistance of the
ling, as it gradualy equilibrated toward the
wirebonded pad. Figure 3.2.11 showsa
crossover of lines feeding opposing combs,
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Figure 3.2.9. Passive voltage contrast of flexible
link micromachine showing charging of gear with
respect to links and the rest of the sample. Arrow
shows flexible link.

o5 1ge Ky 19RM szpo +pEa5

Figure 3.2.10. Voltage contrast showing charging
of the comb on the | eft.

Figure 3.2.11. Voltage contrast at a crossover,
showing charging of an interconnect line (all pins
grounded).



where the passive voltage contrast effect
was still visible.

The second new technigque employed,
was active voltage contrast, wherein external
voltages were applied to microengine ele-
ments as they were examined in the SEM.
The charging behavior of the electrically
isolated elements of the operating microen-
gines was observed with this technique.

One gear, which was electrically floating at
rest, changed as it was run counter-
clockwise. It charged during the portion of
its rotation from the 12:00 position to the
6:00 position, and then discharged and re-
charged during the portion from the 6:00
position to the 12:00 position. While the
electron beam seemed to interfere signifi-
cantly with a few microengines, as found in
previous work, certain engines were suc-
cessfully run for severa hours in the SEM
with no attempt to limit electron beam illu-
mination to any portion of the microengine.

Voltage contrast has also been used to
observe static and operating microenginesin
the positive ion beam used in the FIB. More
importantly, it has been demonstrated in the
FIB that it is possible to electrostatically
clamp a gear a high beam current, presuma-
bly when the positively charged geer is at-
tracted to the grounded substrate. Charge
neutralization (via an electron flood gun) has
been used to mitigate the positive charging
from the ion beam. Microengines have been
observed to operate smoothly using charge
neutralization, then fail to rotate when the
neutralization is suspended. Thisisare-
versible phenomenon.

Conclusions

The microengine failure data showed no
evidence of wearout in the distributions but
there was a significant infant mortality re-
gion. The lognormal distribution was bi-
modal indicating two populations, but the
similar slopes imply one dominant failure
mode. This failure mode of lateral clamping

was large enough to overshadow any wear-
out.

The thin flexures produced the longest-
lived microengines, but could not be fabri-
cated reproducibly. In the process the 1 mm
width was over-etched to 0.7 mm and was
susceptible to breakage.

Several FA techniques developed for mi-
croelectronics have proven useful in the
analysis of MEMS. The dominant failure
mode was latera clamping of the comb fin-
gers. The secondary mode of failure was the
gear sticking either to the substrate or to the
hub. This was determined due to the pres-
ence of motion in the comb drives, but no
trandation of that motion to the gear. Volt-
age contrast in the SEM and in the FIB has
been used to identify charging on the gears
and links of stationary and operating en-
gines. This charging may be related to the
erratic behavior in the rotation of the micro-
engine as observed in the FIB.
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3.3 Frequency effect
and a wear model

Experiments were performed on surface
micromachined microengines driving load
gears to determine the rotational frequency
dependence on median cycles to failure.
These microengines were a later version
where the lateral clamping seen in section
3.2 was eliminated by design changes. A
sample of 272 microengines, each driving a
load, was stressed at eight different frequen-
cies. Frequency dependence was observed
and a model was developed based on fun-
damental wear mechanisms and forces ex-
hibited in resonant mechanical systems.
Stressing loaded microengines caused ob-
servable wear in the rotating joints and in a
few instances led to fracture of the pin joint
in the drive gear when the pin was worn
through.

Introduction

The objective of thiswork was to deter-
mine the fundamental correlation between
the operational drive frequency (microen-

gine speed) and the lifetime of the microen-
gine. The microengine consists of orthogo-
nal linear comb drive actuators mechanically
connected to arotating gear as seen in Fig-
ure 3.3.1. The comb drives of these micro-
engines have springs, which restore any de-
flections back to the rest position. The poly-
silicon comb drive exhibits a resonant fre-
guency, as does any mechanical oscillating
system. By sdlecting frequencies above and
below resonance, we have collected data for
the median lifetime of the microengine
driving aload as afunction of f/f, wheref is
the stress frequency and f,, is the resonance
frequency. We have developed a predictive
model for the number of revolutions to fail-
ure that is based on the fundamental princi-
ples of the physics of wear in a mechanically
resonating system.

Experimental Approach

Lifetime Experiment

This study used the electrostatically
driven microactuator (microengine) devel-
oped at Sandia National Laboratories [29] as

Restoring

Springs

tom left) shown in what we defineasq = 0.

Figure 3.3.1. Sandia microengine with expanded views of the comb drive (top rigjht) and the rotating gear (bot-



seen in Figure 3.3.1. By applying the proper
drive voltages, the linear displacement of the
comb drives is transformed into circular
motion. The X and Y linkage arms are con-
nected to the gear viaa pin joint. The gear
rotates about a hub that is anchored to the
substrate. The microengine has been the
focus of much investigation for MEMS de-
vices experiencing siding friction [30,31].

We used the microengine to drive the
load gear depicted in Figure 3.3.2a. A close-
up view of the drive gear meshing with the
load gear is shown in 3.3. 2b. The radius of
the microengine drive gear is 38 nm and the
load gear is four times as large.

One of the many issues associated with
the reliability of microengines is the method
used to operate them [32]. If the drive sig-
nals supplied to the comb drives are not op-
timized, there will be excessive forces on the
hub and pin joint of the gear, which promote
early failures. In the optimization proce-
dure, we characterized the microengines by
measuring parameters [2] from a sample of
5 devices. Model-based drive signals were
calculated using the measured parameters,
and these drive signals were maintained
throughout the experiment. For all experi-
ments, we accelerated the load gear to full
speed in three rotations of the drive gear.
This method was necessary to account for
the inertia of the large gear.

The dice were packaged with glass cov-
ersto allow viewing of the rotating gears.
The covers prevented externa particle con-
tamination but allowed access of the ambi-
ent environment in the laboratory. The rela-
tive humidity in the laboratory fluctuated
slowly between 10% and 45% throughout
the experiment. The packages were stored
in adry nitrogen environment before the
test. The tester, Sandia High Volume Meas-
urement of Micromachine Reliability
(SHIMMEeR - see section 1.2), was used to
provide electrical signals to large numbers

Load gear
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Figure 3.3.2a. The microengine drive gear shown
with the load gear. The right bracket (] ) shaped
guide on the load gear mitigates out-of-plane wobble
to ensure proper meshing of teeth.
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Figure 3.3.2b. Close-up view of the drive gear
meshing with the load gear. The hub is anchored to
the substrate and the pin joint connects the actuator
linkage to the drive gear.

of packaged microengines driving loads and
to optically inspect them for functionality.
We performed stress tests at eight fre-
guencies, 860, 1204, 1500, 1720, 2064,
2200, 2408, and 3000 Hz. As the resonant
frequency of the system was 1150 Hz, data
for stresses both above and below resonance
were taken. Prior to the first stress, the parts
were checked for functionality. The stress
intervals followed roughly the same s=-
guence for all the experiments, and were
2000, 4000, 8000, 16000, ..., rotations of
the drive gear. If more than 4 parts failed
during a particular interval, we repeated that



stress interval. The devices were stressed at
high speed and then owed to 1 Hz to in-
gpect for functionality. A failure was defined
as the inability of the microengine drive gear
to make a complete revolution at the 1 Hz
inspection speed. During the inspection in-
terval, we noted any observed changes or
degradation in the motion of the gears.

Wear Structure Experiment

To compare the worn surface morphol-
ogy found in actual devices with that occur-
ring under well-defined contact conditions,
experiments were run on a specialized
“sidewall” friction test device [33], shown in
Figure 3.3.3. Inthisdevice, the sidewall of
a beam having trapezoidal cross-section is
brought into contact with the cylindrical sur-
face of a vertical post using an electrostatic
comb drive to apply aload force. A second
electrostatic comb drive is used to recipro-
cate the beam against the post.

Conditions in the friction experiments
were chosen to duplicate as closely as possi-
ble the loading conditions found in the gear
hubs of the microengine for the lifetime ex-
periments. The maximum force exerted by
the drive linkage on the microengine gear
was estimated to be 2.5 mN. Based on the
geometry of the microengine, assuming lin-
ear contact between the conformal poly-
crystalline silicon structural elements, and
using an elastic modulus of 155 GPa and
Poisson’ s ratio 0.23, the peak Hertzian con-
tact pressure was therefore 27 MPa at the
gear hub and 140 MPa at the pin joint.

In this experiment, a norma force of 4
mN was applied between the beam and post
resulting in a peak contact pressure of 144
MPain the sidewall device. The device was
run at 127 Hz for a cumulative sliding dis-
tance of 10 m, equivalent to 1x10° revolu-
tions of the pin joint.

apply load
on post

reciprocate beam
against post

beam

Figure 3.3.3. SEM micrograph showing the top
view of the sidewall friction tester and a schematic
cross-sectional view (A-A) of the contacting mem-
bers.

Results
Experimental Observations

The behavior of the microengines as they
were stressed followed a consistent pattern.
Initially the microengines ran smoothly.
With the accumulation of stress, the opera-
tion of the microengines became erratic at
inspection frequencies, with occasiona
sticking followed by release. Some of the
microengines would actually overcome the
sticky behavior and become smooth again.
Near the end of itslife, rotation became
more erratic until the microengine failed by
sticking or rocking back and forth through a
small angle. After failure, the part remained
stimulated by the drive signals. By optically
panning across the entire microengine we
could obtain evidence about the failure. In
some cases, the drive gear/load gear combi-
nation appeared stuck because we could see
dlight movement in the adjoining comb
drives and shuttles. In other cases, the pin
joint appeared to be adhered to the drive
gear.



The lifetime behavior of the parts was
markedly different for frequencies above
and below 2400 Hz. This frequency is
roughly twice the resonant frequency. The
behavior at high frequencies was monitored
using an Olympus AL S 12000S strobe light
to “dow down” the motion for visua in-
spection. Below 2400 Hz, the microengines
initially operated smoothly at inspection and
stress frequencies. With the accumulation of
stress (approximately 20,000 cycles), the
motion became jerky at the inspection fre-
guency of 1 Hz, but was smooth at the
higher frequency. Eventually, the motion of
the gears froze at both inspection and stress
frequencies.

Above 2400 Hz, the partsinitially oper-
ated smoothly at inspection and stress fre-
guencies. After approximately 1,000,000
cycles, they would begin to chatter at stress
frequencies; that is, the gears would vibrate
about one position. This effect was greatest
for the stress frequency of 3000Hz. We
used a strobe light to observe the gear as it
came up to high speed. The gearstypically
rotated smoothly for 10-15 seconds before
the chatter began. At the onset of high-
speed chatter, the parts would still operate
normally at inspection speed. Eventually,
however, the motion of the gears froze at
both inspection and stress frequencies.

Data Analysis of Lifetime Experiment

Because the parts were observed at fixed
inspection times, common to all the parts,
the results fall into the category of reliability
datacaled “interval” data. We plotted the
accumulated number of cyclesto failure
against the cumulative percent failure for
each stress frequency. The lognormal fit
resulted in an estimate of tsp, the median cy-
clesto failure. The estimate for the lognor-
mal shape parameter, s, was aso deter-
mined.

Table 3.3.1. Series of frequency experiments per-
formed.

f(Hz) | f/f, #Parts | #Parts | #stress
ontest | Failed intervals

860 75| 34 28 30
1204 1.05 | 47 28 23
1500 1301 9 9 21
1500 1.30 | 39 37 30
1720 149 | 25 25 30
2064 1.79 | 46 45 40
2200 191 28 28 17
2408 209 | 35 35 27
3000 260 | 15 14 23
3000 260 | 44 44 23

[} 1 [

Q@ f=1720 Hz

2 10° A

©)

O 107 4

% t,,52.9e+5, s = 0.5\

= 10°

S

3 10° S =

(&)

< 100 °

1 5 10 2030 50 7080 90 95 99

Cumulative Percent Failures
Figure 3.3.4. Lognormal distribution of accunu-
lated cycles to failure for the resonant frequency
stress. The last data point was omitted from the re-
gression analysis.

The experimental results are summarized
in Table 3.3.1. We performed eight experi-
ments; we caused atotal of 272 partsto fail.
Mogt of the data at a given frequency could
be described by a ssimple unimodal distribu-
tion such as seen in Figure 3.3.4. Inthis
figure, the last point is roughly two orders of
magnitude higher than the rest and was
omitted from the fit. The regression analysis
yielded a median number of cyclesto failure
of 29 x 10° with s = .51.

However, there were three frequencies
where the distribution was bimodal. This
occurred for stress frequencies of 860, 1204,
and 2408 Hz. In these instances, we decon-
volved the data to determine the median
number of cyclesto failure for each popula-
tion. Figure 3.3.5 shows the data with the
upper and lower lines representing the two
populations. The bimodal analysis fit using
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Figure 3.3.5. Lognormal probability plot for the

860 Hz test showing a bimodal distribution. The
first data point was omitted from the deconvolution
calculation.

a separation of the two distributions at the
cumulative percent failure of 62% is also
shown in the figure. Because the vaues of
s for both populations are similar, we be-
lieve that the underlying failure modes are
the same, but that we have two populations,
one of weak parts and the other of strong
parts. There was inherent variability in the
population of microengines. Additionaly,
the optimization technique described earlier
is performed on a small number of devices.
We speculate that the final drive parameters
may be extremely well matched to some mi-
croengines leading to long lives (strong
parts) and not well matched to other micro-
engines leading to short lives (weak parts).
Table 3.3.2 shows the results of lognor-
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Figure 3.3.6. The frequency dependence of the
lifetime of the microengine driving a load experi-
ments. The error bars represent 90% confidence
bounds.

mal fitsto all of the frequency experiments.
For the cases where we observed a bimodal
distribution, the lower and upper tso are pre-
sented. The data are also graphically repre-
sented in Figure 3.3.6 with 90% confidence
bounds represented by error bars. Asin the
table, the unimodal distributions are grouped
with the lower portion of the bimodal distri-
bution. The upper portions of the bimodal
distribution are only seen at three frequen-
cies. The bimodal distributions were ob-
served on parts from different wafers of the
same fabrication lot.

For the stress frequencies of 1500 and
3000Hz, we repeated the experiments and
the results of the second experiment were

Table 3.3.2. Results of median number of cyclesto failure from all frequency experiments performed.

Unimodal or Lower Bimodal Upper
f (Hz) f/fo tso S tso S
860 75| 1.8x10° 33 8.4x10° 37
1204 1.05] 2.9x10° 28 9.6x10° 53
1500 1.30 || 3.2x10° 45
1720 1.49| 2.9x10° 51
2064 1.79] 3.1x10° 54
2200 1.91 3.0x10° .38
2408 2.09 | 1.2x10° 29 2.5x10° 32
3000 2.60 | 1.3x10° .70




Rubbing Surfaces

Figure 3.3.7. The upper image shows a cross section of an engine that was not stressed (above) and shows no
wear debris. The hub isanchored to the substrate and the pin (diameter = 3nm) rotates in the pin hole as the

gear revolves around the hub. The lower image shows an engine that was tested to failure in 480k cycles. Se-
vere wear of the pin joint and wear debris near the rubbing surfaces was evident.

within the 90% confidence bounds of the
first experiment. We then averaged the two
results. Thiswas a demonstration of lot-to-
lot repeatability since the microenginesin
the second experiment were from a different
fabrication lot but of the same technology
and design.

Failure Analysis of Lifetime Experi-
ment

Wear of rubbing surfaces was the domi-
nant mode of failure for these microengines.
The images in Figure 3.3.7 show focused
ion beam (FIB) cross sections for two sam-
ples with identical processing history. The
drive gear (see Figure 3.3.2b) was sectioned
along the line between the center of the hub
and the pin joint. The upper image is from a
control part which was not stressed, and
does not show any evidence of wear or other
processing artifacts, while the lower image
is from a part which was tested to failure in
480,000 cycles. The tested part shows
abundant wear debris on bearing surfaces
and surrounding areas as well as severe

Figure3.3.8. Severe pi hole damage in drive gear
tested to failure (SEM).

Figure 3.3.9. Undamaged side wall of pin hole in
drive gear on control sample (SEM). This gear was
not stressed.



damage that reduced the minimum diameter
of the pin. This circumferential notch on the
pin concentrates subsequent stresses, which
is consistent with the result that broken pins
typically show reduced diameters on both
fracture surfaces.

Severe drive pin wear and occasional
breakage of drive pinswas characteristic of
these devices when tested to failure. An ex-
ample of such wear is seenin Figure 3.3.8,
where the bore of the hole in the drive gear
which accepts the drive pin is shown after a
pin has been fractured (after testing). This
wear has produced an out-of-round shape
both by wearing material away and by de-
positing debris on the side wall of this hole.
This out-of -roundness suggests repeated im-
pact in one area. For comparison, asimilar
hole is shown in Figure 3.3.9 for a control
sample with similar processing history that
has not been stressed. The view shown is
from the bottom of the gear, but the bore of
the hole is undamaged by wear. The particle
at the left of the image is the result of pur-
posely breaking the pin during sample
preparation.

Pin joint breakage was seen in 3 of 220
microengines driving aload and only when
the stress frequency was greater than the
resonant frequency of 1150 Hz. Pin joint
breakage probably resulted from a combina-
tion of effects. The drive pins were worn
down to a smaller diameter, which weak-
ened the structure. Additionaly, the load
gear supplied alarge inertial force to the
drive gear when exhibiting erratic motion.

Microengines driving loads tested to fail-
ure typically exhibited wear debris that
could be resolved optically. An example of
this debris is shown in a SEM image in Fig-
ure 3.3.10. Theleft arrow in Figure 3.3.10
indicates a location where the debris has
been moved out to the top surface of the hub
on adrive gear. Theright arrow indicates a
site where debris can be seen in the gap

Figure 3.3.10. Top view SEM“imagehbf charac-
teristic wear debris on drive gear and hub.

Figure 33.1 EM image of gap between drive
gear and hub showing characteristic accumulation
of wear debris.

Figure 3.3.12. SEM image of gap between load
gear and hub showing characteristic absence of
wear debris.

between the vertical sidewalls of the drive
gear and its hub.

Figures 3.3.11 and 3.3.12 show aresult
from a comparison of drive gears and load
gears from severa devices tested to failure.
The light contrast debris is characteristically
evident in the gap on the drive gear of Fig-
ure 3.3.11 and is characteristically absent in



Figure 3.3.13. SEM image at high tilt angle which
reveals wear debris adhering to the upper drive pin
flange beneath the drive arm of a binary counter
tested to failure due to pin breakage.

hub flange

Figure 3.3.14. SEM image at 1kV showing wear
debris on bottom of drive gear

Figure 3.3.15. Wear particles a bearing surface
flange on the underside of adrive gear.

asimilar gap from the load gear of Figure
3.3.12.

Wear debris at drive pinswas also re-
solved optically when it occasionally was
broadcast from beneath the drive arm. It can
also be seen in the SEM by tilting the sam-
ple to look under the drive arm. Figure

3.3.13 shows such an image, where a broken
pin has come to rest between the teeth of a
gear. The debris coversthe sidewall of the
upper pin flange and has spread to a sidewall
of the drive arm.

Wear debris was examined from a differ-
ent perspective by using a conductive dou-
ble-sided adhesive |aboratory tape to remove
several gears and other components for ex-
amination of the undersides and the stb-
strates from which they were removed. Fig-
ure 3.3.14 shows a SEM image from such a
drive gear. The wear debris is attached to
the sidewalls of the lower hub flange and the
pin-retaining flange. It has radiated out from
the perimeter of each of these flanges and
has adhered to the bottom side of the drive
gear. Gear teeth can be seen at the top of the
image. Thisimage was generated at 1 kV
accelerating potential and shows interesting
passive voltage contrast [34]. The dark
contrast of the wear debris and the pin
flange indicate that they are not grounded to
the gear and are charging positively dueto
the 1 kV accelerating voltage. The pin
flange and the hub flange by design must be
free to move in the gear and therefore were
not expected to be well connected el ectri-
caly. Thedark pin flange indicated pin join
fracture during sample preparation. The
dark contrast of the wear debris indicates
that it is electrically insulating.

Similar flanges from the load gear hub
and from drive gears on engines that share
processing history, but have not been exer-
cised show pristine sidewalls free from such
particles. The two dimples extend down-
ward from the bottom of the gear to mini-
mize the rubbing area in the event of contact
with the substrate. No other evidence of
wear has been observed at these dimples or
any other surfaces on the gear or on the sub-
strate beneath the gear. The dark circlein
the center of the lower hub flange is the an+
chor point for the gear that was broken in
order to obtain thisview. It isdarker than
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its surroundings due to aresistance path
between the point of illumination of the
electron beam and the electrical ground pro-
vided by the gear and hub.

A higher magnification image of the par-
ticles on aflange is shown in Figure 3.3.15.
This SEM image was generated at 5 kV, and
shows two size ranges for the wear debris
seen at thislocation. Many of the particles
are on the order of 50 nmin size and are
elongated. A second size of feature are the
rounder agglomerations of debriswhich are
200 nm and larger. Other agglomerations of
wear debris have been observed which are
submicron in size, but the morphology has
not been resolved distinctly at thistime.
This may be caused by the low density, or
perhaps, porosity of the debris that inhibits a
high-resolution image at the surface. The
particles appear light in contrast due to
negative charging from the 5 kV accelerat-
ing potential.

Wear debris has also been observed on
the shuttles and guides attached to the Y
linkage arms. An example is shown in Fig-
ure 3.3.16. Although the debrislines up in
this case, and can be seen to bridge the en
tire gap between shuttle and guide in Figure
3.3.17, it was not the reason for the shuttle
being stuck in this position. Thiswas shown
by delicately severing the flexible link be-
tween this shuttle and the engine with a xe-
non-cutting laser. The springs attached to
the comb drive then returned the shuttle to
itsrest position.

Data Analysis of Wear Structure Ex-
periment

The results of the diding wear test of the
sidewall friction device are shown in figures
3.3.18 and 3.3.19. The unworn surfaces
shown in Figure 3.3.18a reveal smooth
sidewall morphology for the cylindrical post
where silicon is deposited into a hole etched
in oxide. There are no visible particles or
scratches on this silicon surface. The beam
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Figure3.3.16. SEM image of wear debris on shuttle
and guide.

Figure3.3.17. A closer view of the wear debrisis
shown under a higher magnification SEM view at
the shuttle/guide location.

shown in Figure 3.3.18b was formed by re-
active ion etching of silicon, and exhibits
some texture due to the etching process.
However, there are no attached particles or
lateral scratchesin the unworn side of the
beam. Texture on the top surface of the sili-
con layers, in the form of small bumps, is
inherent in the processing of the devices.

By comparison, the worn surfaces of the
post and beam in Figure 3.3.19a and 3.3.19b
show evidence of both attached particles and
damage to the diding surfaces. A scratch,
probably due to the trapezoidal shape of the



Figure 3.3.18. SEM micrograph of the contacting
surfacesin the sidewall device prior to testing
showing the movable cylindrical post (a) and the
rectangular beam (b).

beam, is evident near the top of the post in
the micrographs of Figure 3.3.19a and
3.3.20a. The particles shown in Figures
3.3.20a and 3.3.20b are agglomerates,
roughly 200 nm in size, made up of much
smaller particles on the order of tens of ra-
nometersin size. The particles are collected
at the entry and exit zone of the diding
contact on the vertical post.

The surfacesin Figures 3.3.19 and 3.3.20
represent clear evidence of wear between the

Figure3.3.19. SEM micrograpiis ui uie siuewall device
after reciprocation dliding for a total of 10 meters at 140
MPa. Collections of wear particles are on the post sur-
face in (a) and a few particles were collected on the
beam surface in (b).

beam and post in the sidewall device, under
contact conditions similar to those present in
the microengine. The presence of wear par-
ticle agglomerates is expected in air, even
though the wear process likely involves the
initial removal of individua ~ 10 nm parti-
clesfrom the surface. After removal, indi-
vidual wear particles are attracted to one an-
other and the device surfaces by capillary
and Van der Waals forces.

The morphology of the particles aloneis

Figure 3.3.20. Magnified images of particles on the post (a) and beam (b) are shown.



insufficient to determine whether they are
generated by asperity-to-asperity adhesion
followed by tensile fracture, by asperity fa-
tigue due to cyclic stresses, or simply by
abrasion of one surface by the other. In fact,
the wear process likely involves a combina-
tion of these mechanisms, such that surface
degradation and adhesion or fatigueis re-
sponsible for creating the initial wear parti-
cles, and particles trapped at the interface
during diding result in abrasion to create
additional wear particles.

Discussion

The large amount of wear debris ob-
served during failure analysis focussed our
investigation on wear mechanisms as a po-
tential model to describe the failure data.
Wear may be defined simply as the removal
of material from solid surfaces as aresult of
mechanical action. In this section, we will
present the derivation of a frequency-
dependent wear model that predicts failure
and compare this model to the lifetime data.
An adhesive wear model will then be de-
rived from the general frequency-dependent
wear model and comparison to the data will
be made. We will then discuss the implica-
tions of the friction structure experiment,
describe some additional sources of wear,
and comment on the bimodal distribution
observed.

Failure Model: Types of Mechanisms

There are seven primary wear mecha-
nisms observed for macroscopic mechanical
systems [35]: adhesion, abrasion, corrosion,
surface fatigue, deformation, impact and
fretting wear. Due to the microscopic nature
of each of these mechanisms, we would ex-
pect that one or a combination of them (as
opposed to a non-wear mechanism) would
be responsible for the wear-out of the mi-
cromachines studied in this paper.

Surface fatigue, deformation and impact
wear typically require pressures in excess of
those applied or predicted to have been pre-
sent in the drive gear (roughly 30 MPa).
There was no evidence of material flow or
plastic deformation in any SEM images. In
this experiment, the predominant motion
between surfaces is diding, not impact.
Fretting wear occurs where machine ele-
ments experience small amplitude recipro-
cating motion, leading to microcracks and
ultimately failure by fatigue.

Failure Model: Frequency-Dependent
Wear

Most models of wear between two con-
tacting or rubbing surfaces include the rela
tionship between the wear volume, DV, and
the length of the motion producing the wear,
DL, and F, theforce between the contact-
ing surfaces. The model can be expressed as
[36]:

DV =cFDL Q)
where ¢ isavariable which is directly
proportional to the wear coefficient and in-

versely proportional to the hardness of the
material.

Following this general relationship, the
total length of the motion creating the wear
is related to the radius of the joint, r, and the
number of revolutions, R, that the engine
makes by:

DL =2prR 2

The derivation of the model for failure by
wear begins by assuming that there is some
critical volume, V. , of material that must be
worn in order to stop the motion of the mi-
cromachine. We anticipate that V. is not a
single number but is a distribution of values.

Bringing equations (1) and (2) together,
setting DV to V,, the critical volume for fail-
ure and Rto R, the number of revolutions to
failure and solving for R we get:
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In such a case, the net force on the joint
will increase as the frequency approaches

the critical frequency as [37]:
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where the term in large square brackets
represents a “ magnification factor” caused

by approach to resonance and

Fn isthe nominal force applied to the
joint,

Q isthe quality factor of the damped
harmonic mechanical system and

w /w, isthe ratio of the driving fre-
guency to the resonant frequency of the
system.

Combining equations (3) and (4) we now

arrive at the complete description for the

reliability of a MEMS actuator failing due to
wear at the pin joint, where again R repre-

sents the median number of revolutions to

failure.

Table 3.3.3. Failure Model Parameters

Variable [ Parameter Value Ref.
Ve critical volume ~1.25x10*mm® | Section
appendix

r pinjointradius | 1.5mm design

F, applied force 3x10° N [30]

W, resonant freg. 1150 Hz measured

0 quality factor 11 measured

Syp uniaxial yield 1.2x10° N/mm? | [38]
strength

K adhesive wear (5-60)x10°” [36]
constant

(5)
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Figure 3.3.21. The failure data and the proposed
wear model comparison shows good agreement.
The value of ¢ = 3 x 10* mrf/N was used in the
model to generate the solid line.

Note that there are no adjustable pa-
rameters. The operative wear mechanism
and the properties of the materials in contact
determine the value of ¢. The physical con
stants that are material dependent are known
or can be estimated. The other variables

have been measured or calculated.
Table 3.3.3 has the values of the model
parameters and the corresponding ref-
erences. Also V., the critical volume
of adhered material, can be estimated
from known physical parameters (see
Appendix of this subsection).

In order to confirm the model de-
rived above, we compare it to the ac-
tua failure data for the unimodal or
lower distributions given in Table
3.3.2. This comparison is shown in
Figure 3.3.21. The solid lineisthe
shape that we get by smply using our
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best estimates of the physical parameters
(from Table 3.3.3) in equation (5) and ad-
justing the variable ¢ to minimize c2. The
valueof ¢ = 3 x 10* mr?/N provided the
curve that best describes the datawith a c?
of 1.5.

There are two important characteristicsin
the data versus model comparison. Firgt, the
agreement supports the conclusion that the
failures are associated with wear and not
some other physical mechanism. However,
the specific wear mechanism or combina-
tions of mechanisms are as yet undeter-
mined. Second, the functional dependence
is correct, with the model clearly predicting
the decrease in the number of revolutions to
failure around the resonant frequency and
the increase in the number of revolutions to
failure above resonant frequency.

Failure Model: Adhesive Wear — A
Step Further

For the specific mechanism of adhesive
wear, the variable ¢ in equation (5) is [35]:

A ©)

95 yp

where Kis the adhesive wear coefficient
ads , isthe uniaxia yield strength of
polysilicon. Adhesive wear occurs when the
asperities between two surfaces (Figure
3.3.224) form an adhesive bond (Figure
3.3.22b). The asperity then tears away,
leaving a particle transferred to one surface
(Figure 3.3.22c) or freed to become debris.
In this way, material can transfer from one
surface to another and result in regions
where the micromachine can begin to stick
and seize, as observed.

c=

If equation (6) is substituted into equation

(5) we then have a predictive model for the
reliability of aMEMS actuator failing due to
adhesive wear. R isthe median number of
revolutions to failure.

(7)

v F oy

A

(c)
Figure 3.3.22. (a) A force, F, brings the two sur-
facesinto contact at the asperities. (b) Asthe
lower surface moves, the asperities adhesively
bond together. (c) Asthe lower surface continues
to move, the material breaks free again, leading to
the augmented asperities on the upper surface.

(b)

Values of K for adhesive wear range from
5x 107 to 6 x 10°® for nonmetal sliding on
an identical nonmetal using the tabulated
values published in [36]. Nonmetal exam:
ples are nylon, dlumina, or SIC. K has not
been measured for polysilicon rubbing on
polysilicon. If avalueof K =3.4x 107,
which is dightly out of the range, is used



with the value of sy, found in Table 3.3.3 an
identical curve to that shown in Figure
3.3.21 isachieved.

A linear wear measurement was per-
formed in which a polished silica sphere was
rubbed on a blanket polysilicon-coated sili-
con wafer with a normal force of 98 mN.
Thevalue of K from this experiment was
found to be 2.3 x 10 which is three orders
of magnitude larger than the value in the
model. This will shift the model down by
three orders of magnitude implying that the
microengines should fail much sooner if this
valueof K is correct.

The magnitude of K greatly affects the
scale of the model and its uncertainty pre-
vents vaidation of an adhesive wear model.
The recent measurement described above
used forces that are extreme (98 mN) com-
pared to the peak forces in the microengines
(mN\), but the contact pressures and dliding
velocities were similar to within an order of
magnitude. The main difference between
the macroscopic experiment to measure K
and the microscopic lifetime experiment was
the constraint of wear-generated debris. A
particle generated in the center of the mac-
roscopic experiment would have to travel 50
nmm to exit the contacting surfaces, but in the
microengine, the particle need only travel a
few microns. The dramatic influence of
third body wear upon tribological processes
iswell known [39]. Additionally, the mac-
roscopic experiment used silica on polysili-
con, which are not the same contacting sur-
faces in the microengines.

Additional Wear

There were two effects which could lead
to additional wear that were not included in
the model. Firdt, it has been experimentally
determined that the Y comb drive “linearly
clamps’ during a portion of rotation of the
gear [40]. The clamping was due to the
force from the fringing fields at the ends of
the comb fingers that occur when the combs

are fully engaged. This effect increases the
force on the drive pin joint and will increase
wear effects. Second, with our parallel data
acquisition system, the device continues to
be stimulated with voltages after failure.
There is no means to power down asingle
device. This stimulation could give rise to
further wear debris even when the gear not
able to make afull rotation. While thisim-
pacts wear debris generation, it does not
change the observed median number of cy-
clesto failure.

Wear Structure Experiment

The experiment performed on the much
simpler “sidewall” device revealed clear
evidence of wear between the beam and the
post at roughly the same forces experienced
by the pin joint in the microengine. The ag-
glomerates of wear particles were roughly
200 nm in diameter, from which we calcu-
lated a wear volume of 4.2 x 10 m? (as-
suming spherical agglomerates). Thiswas
clearly greater than the critical volume, V¢,
needed to stick a gear indicating that, at
these forces, there was ample wear debris
produced in the rubbing surfaces of the mi-
croengine to cause falure.

Bimodal Distributions

At three drive frequencies, two separate
distributions of the devices were observed.
The difference in the median number of cy-
cles to failure between the lower and upper
distributions was roughly three orders of
magnitude. Examination of the longer-life
devices showed no significant differencesin
wear debris compared to the shorter-life de-
vices, indicating a Slower average wear rate.
Equation (5) indicates that a dower wear
rate (longer life) would be achieved by
smaller valuesof r, F,, Q, orw, . Thera
dius of the pin joint, r, is defined through a
photolithography mask, hence has very little
variation. The measured values of Q and w,
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have some variation between samples, but
not more than 0.1 for Q and 100 Hz for wy, .
However, it is possible for the nominal
force, F, , tovary. Asmentioned earlier,
the drive-signal optimization was based on a
small sample of devices. Theselong-lived
devices might be better optimized than their
counterparts leading to smaller forces on the
gears.

Conclusions

We have presented and validated the first
quantitative and predictive model for
MEMS actuator reliability. Thisfirst-
principles, frequency-dependent wear model
accurately describes statistically significant
data over a wide range of frequencies, both
above and below resonance. The model,
which is based on the concept of wear cou
pled with mechanical resonance effects, cor-
rectly describes both our qualitative and
guantitative observations of wear.

The large amounts of debris we observed
in the areas of rubbing surfaces led to the
failures in the drive gears of the microengi-
nes as detailed in numerous SEM images.
The FIB cross sections of the drive gear
showed severe notching in the pin joint,
which probably lead to eventual breakage of
the pin joint in 3 of the 220 parts stressed.

The results from the sidewall structure
indicate that there was ample wear debris
produced at these forces to form an agglom-
erate and cause failure.

Wear observed in the pin joints was sLc-
cessfully duplicated in ssmpler structures
driven under similar conditions. The mor-
phology of the wear particles was insuffi-
cient to determine whether they are due to
adhesive or abrasive wear. The wear proc-
ess most likely involves a combination of
mechanisms, such that the initial wear parti-
cles result from surface degradation and ad-
hesion and then particles trapped at the in-
terface during rubbing cause abrasive wear
to create additional particles.

Appendix

The critical volume, V¢, is a measure of
the total amount of material that must be
transferred by adhesive wear before afailure
can occur. Thisis an unknown quantity.
However, we have estimated it by calculat-
ing the size of asperity needed to stop the
motion of the joint after an adhesive bond
occurs, asin Figure 3.3.22b. The cross-
sectional area of such abond that can just
stop the motion of the joint is given as:

A =F,ls (6)
where Ac isthe “critical area” of the ad-
hesive bond.

If one assumes a roughly cubic mass of
material with this critical area and all wear
material contributes to the volume, then the
critical volume of this massis given by:

V. =AY =[F s ™
Which for the values of force and yield

strength in table 3.3.3, give avalue of 1.25 x
10 mt.
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3.4 Linkage design
effect

The reiability of microenginesis afunc-
tion of the design of the mechanical linkage
used to connect the electrostatic actuator to
the drive. We describe here a series of reli-
ability stress tests on surface micromachined
microengines driving an inertial load. In
these experiments, we used microengines
that had pin mechanisms with guides con-
necting the drive arms to the electrostatic
actuators. Comparing this data to the previ-
ous result (see section 3.3) using flexure
linkages revealed that the pin linkage design
was lessreliable. Significant amounts of
wear debris were observed around both the
hub and pin joint of the drive gear. Addi-
tionally, wear tracks were observed in the
area where the moving shuttle rubbed

against the guides of the pin linkage. A
model was developed to describe the failure
data based on fundamental wear mecha-
nisms and forces exhibited in mechanical
resonant systems.

Introduction

The objective of thiswork was to deter-
mine the effect of mechanical linkage design
on the lifetime of the microengine driving a
load (Figure 3.4.1). We have stressed a sta-
tistically significant number of microengines
driving loads with two different linkages in
the Y shuttle. One linkage was a flexure
with ssimple guides and the other was a pin
mechanism with complex guides.

The comb drives of these microengines
have springs that restore any deflections
back to the rest position. The polysilicon
comb drive exhibits a resonant frequency

Combs

Figure 3.4.1. The microengine drivi ng aload with expanded views of the combs (top r|ght) the pin Imkage

(top left), and the drive gear and load gear (lower left).
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(observed as the frequency of maximum
displacement) like any mechanical oscillat-
ing system. By selecting frequencies above
and below resonance, we have collected data
for the median lifetime of the microengine
driving aload as afunction of f/f, wheref is
the stress frequency and f,, is the resonance
frequency.

We compared the lifetime results of the
pin linkage design to the predictive model
[41] for the number of revolutions to failure.
We developed two models that are based on
the fundamental principles of the physics of
wear in amechanically resonating system.
One model describes the low-contact-
pressure wear at the guides of the pin link-
ageinthe Y shuttle and the other describes
the high-contact-pressure wear at the same
location.

Mechanical design

This study used the electrostatically
driven microactuator (microengine) devel-
oped at Sandia National Laboratories [42].
The microengine consists of orthogonal lin-
ear comb drive actuators mechanically con-
nected to arotating gear as seen in Figure
3.4.1. By applying the proper drive volt-
ages, the linear displacement of the comb

Figure 3.4.2. Close-up view of the drive gear
meshing with the load gear. The right bracket ( ] )
shaped guide on the load gear mitigates out-of-plane
wobble to ensure proper meshing of teeth. The hub
is anchored to the substrate and the pin joint connects
the actuator linkage to the drive gear.

drives was transformed into circular motion
at thedrive pin. The X and Y linkage arms
are connected to the gear viaa pin joint.
The gear rotates about a hub that was an-
chored to the substrate.

We used the microengine to drive the
load gear depicted in the close-up view as
shown in Figure 3.4.2. The radius of the
microengine drive gear was 38 nm and the
load gear was four times as large.

The pin and flexure linkages with guides
are shown in Figure 3.4.3. Thepinis8 nm
in diameter and was located in a 10 mm
opening. It is free to move in the vertical
direction unlike the pin joint in the drive
gear that is constrained. In order to prevent
pin displacement in the vertical direction,
which would disconnect the shuttle from the
linkage arm, the long guides (Figure 3.4.3a,

Flexure
(o))

Figure3.4.3. Thetop SEM shows the pin linkage (a)
with guides deemed necessary to control the lateral
motion of the shuttle. The lower SEM (b) shows the
simpler design of the guides for the flexure linkage

type.
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right) were added to the design. The long
guide is further constrained verticaly to 0.5
nm by the use of dimples. The half-round
guides constrain the vertical motion of the
linkage arm to 2 nm and the lateral motion
to 0.5 M.

The simple guides shown in Figure
3.4.3b have only 0.5 nm lateral clearance
and no vertical restraint. These guides are
typicaly used for flexure linkage systems
where there is no concern about vertical de-
flection. In this system, the shuttle is con-
nected to the linkage arm by a2 nm wide,
40 mm long link of polysilicon.

Experiment

We characterized the drive parameters
fully by measuring both the resonant fre-
guency and the normalized spring constant
of the loaded microengine system. They
were 1150 Hz and 1875, respectively. For
all experiments, we accelerated the load gear
to full speed in three rotations of the drive
gear. This method was necessary to limit
acceleration forces caused by the inertia of
the large gear.

The dice were packaged with glass cov-
ersto alow viewing of the rotating gears.
The covers were taped on so they prevented
particle contamination but allowed access to
the ambient environment of the laboratory.
The packages were stored in a dry nitrogen
environment before the test. The tester,
Sandia High Volume M easurement of Mi-
cromachine Reliability (SHIMMeR — see
section 1.2), was used to provide electrical
signals to large numbers of packaged micro-
engines driving loads and to opticaly in-
spect them for functiondlity.

We performed stress tests at eight fre-
guencies, 860, 1204, 1500, 1720, 2064,
2200, 2408, and 3000 Hz. The resonant fre-
guency of the system was 1150 Hz which
allowed for stresses both above and below
resonance. The stress intervals followed
roughly the same sequence for al the ex-
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periments. The sequence was 2000, 4000,
8000, 16000, ..., rotation cycles of the drive
gear per stress. |If more than 4 parts failed
during a particular stress, we repeated that
stress interval. The devices were stressed at
high speed and then slowed to 1 Hz to in
gpect for functionality. A failure was defined
as the inability of the microengine drive gear
to make a complete revolution at the 1 Hz
inspection speed. During the inspection in-
terval, we noted any observed changes or
degradation in the motion of the gears for
our records.

Results and Discussion
Data Analysis

Because the parts were observed at fixed
inspection times, common to all the parts,
the results fall into the category of reliability
datacaled “interval” data. We plotted the
accumulated number of cyclesto failure
against the cumulative percent failure for
each stress frequency. The lognormal fit
resulted in an estimate of tsp, the median cy-
clesto falure. The estimate for the lognor-
mal shape parameter, s, was also deter-
mined.

The experimental results for the microen-
gines driving loads with the pin linkage are
listed in Table 3.4.1. We performed ten ex-
periments and caused atotal of 277 partsto
fail.

Most of the data from each of the ex-
periments could be described by asimple

Table 3.4.1. Series of frequency experiments

erformed.

f(Hz) | f/f, #Parts | #Parts | #stress
ontest | Failed intervals

860 0.75 | 33 33 30

1204 105 | 45 41 23

1500 1.30 10 10 21

1500 1.30 | 42 42 30

1720 150 | 23 23 30

2064 179 | 32 32 40

2200 191 | 26 26 17

2408 209 | 28 27 27

3000 2.61 13 13 23

3000 261 | 40 40 23




unimodal distribution such as seen in Figure
3.4.4. Inthisfigure, the first point and last
two points were omitted from the fit as out-
liers. Theregression analysisyielded a
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Figure 3.4.4. Lognormal distribution of accumu-
lated cycles to failure for the 2064 Hz stress. The
lower and upper freak data points were omitted
from the regression analysis.

Table 3.4.2. Results of median number of

cycles to failure from all frequency experi-

ments performed.
f(Hz) | ff, tso s
860 0.75 8.50E4 0.35
1204 1.05 1.60E5 0.22
1500 1.30 1.29E5 0.65
1720 1.50 2.6E5 0.25
2064 1.79 1.60E5 0.37
2200 191 1.02E5 0.25
2408 2.09 7.20E4 0.26
3000 2.61 2.33E5 0.39
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Figure 3.4.5. The frequency dependence of the
lifetime of the microengines with pin linkages
driving a load. The error bars represent 90%
confidence bounds.

value of median cycles to failure of 1.6 x 10°
cycleswith s = .37. The last two points
could be the onset of another stronger
population since bimodal distributions were
observed in two of the frequency experi-
ments.

Table 3.4.2 shows the results of lognor-
mal fitsto all of the frequency experiments.
The data is also graphically represented in
Figure 3.4.5 with 90% confidence bounds
represented by error bars.

For the stress frequencies of 1500 and
3000Hz, we repeated the experiments and
the results of the second experiment were
within the 90% confidence bounds of the
first experiment. We then averaged the two
results. Thiswas an excellent demonstration
of lot to lot repeatability since the microen-
gines in the second experiment were from a
different fabrication lot but of the same
technology and design.

Experimental Observations

The behavior of the microengines as they
were stressed followed a consistent pattern.
Initially the microengines ran smoothly.
With the accumulation of stress, the opera-
tion of the microengines became sticky and
jerky (stick-dlip behavior) at inspection fre-
guencies. Some of the microengines would
actually work through the sticky behavior
and become smooth again. Near the end of
life, the rotation became more erratic until
the microengine failed by sticking or rock-
ing back and forth through a small angle.

After failure, the part was till being
stimulated by the drive signals so we opti-
cally panned across the entire microengine
to get clues about the failure. We observed
cases where the drive gear/load gear combi-
nation appeared stuck since we could see
dight movement in the adjoining comb
drives and shuttles. In other cases, the pin
joint of the drive gear appeared to be stuck.
Nearly half of the devices in this experiment
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failed with the Y shuttle stuck indicating
that this was the dominant failure mode.

Comparison of flex to pin

The flexure microengine reliability study
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Figure3.4.6. Thiscomparison of median cyclesto
failure between the flexure linkage and the pin
linkage shows the pin linkage to be less reliable.

was documented in section 3.3 of this report.

We compare the two by plotting the median
number of cycles to failure against the ratio
of the stress frequency to the resonant fre-
guency. Asseenin Figure 3.4.6, al of the
experiments with pin linkages have lower
median cycles to failure than the flex link-
age thus implying lower reliability.

Failure Analysis
Failure analysis on the pin linkage micro-

engine driving a load has proceeded in much

the same way as its counterpart, the flex
linkage system. It was possible to optically
document the existences of wear debris at
drive gear hubs and, occasionally, its broad-
cast over the top of the gear from the drive
pin region. It was also possible to document
its absence from the load gear hub. These
observations are from top view images into
the gap between the hub and the gear.

Wear debris observations were corrobo-
rated in SEM imaging as shown in Figure
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3.4.7. Arrows at right and in the center
show wear debris in and on the hub of a
drive gear that has been driven to 62,000
cycles. Lift-off techniques were used to re-
move drive gears for an inspection of the
underside, as shown in Figure 3.4.8. The
drive pin flange appears in the center of the
image, with wear debris that has been
broadcast over the horizontal surface be-
tween the flange and gear, and emerges at
the perimeter of the pin flange. A similar
effect occurs for the drive-gear hub lower
flange, as seen in the lower right of the im-

! .'.\., 3 P s :
A
Figure 3.4.7. Wear debris in SEM image of drive
gear and hub from pinned joint microengine tested
to 62,000 cycles.

Figure 3.4.8. Wear debris as seen from the bottom
of the gear, around the drive pin flange (center) and
hub lower flange (lower right).

Load gear hubs were characteristically
free from wear debris asin earlier work. A
comparison of worn and wear-free bearing
interfaces is shown in Figure 3.4.9. These
images are SEM photomicrographs of FIB
sections performed on pin linkage microen-



gines. The gaps between gear and flange
surfaces characteristically fill with debris on
drive gears, and are free from debris or any
evidence of wear on load gears. All wear
debris observations suffer from the fact that
in the current test setup, all engines continue
to receive drive signals until all engineson a
diefal. Inthisway, agear may be permit-
ted to vibrate for a significant period after
being considered afailure. Future testing
will be conducted to alleviate this condition
and provide more detailed snapshot at early
wear debris observations. Such observations

Figure 3.4.9. SEM images of FIB sections of (a) a
drive gear hub and a drive pin and (b) a load gear
hub from a pin linkage microengine operated to
failure.

have been made at other locations on the
engine, namely shuttles that reciprocate
between guides.

Pin linkage shuttles have a pin joint at the
link between the Y shuttle (Fig. 3.4.3) and
itslink arm. Thislink is accompanied by
structures anchored to the substrate, which
serve to restrain the shuttle and link arm
both laterally and vertically. The long guide
at the shuttle includes a vertical oblong dim-
ple extending downward. The horizontal
surfaces at the link arm are planar. The sur-
face between these guides and the actuating
structures is an additiona site where wear
can occur on pin linkage engines. This wear
is shown in Figure 3.4.10ato occur both at
the half-round guide and the long shuttle

guide. The wear track shown on the right in
Figure 3.4.10a is further magnified in Fig-
ures 3.4.10b and 3.4.10c. The extent of the
reciprocation is such that the long shuttle
guide with the dimples contacts only the
shuttle and the half-round guides contact
only the link arm.

We opticaly inspected 99 pin linkage
microengines and found that 57% had wear
tracks. All had wear debris much like we
observed previously which we attributed to
adhesive wear. Tracks were observed on
microengines with only 2000 cycles of
stress. However, many microengines had
over 10° (one near 10°) cycles with no wear
tracks. The data were sorted according to
the drive frequency, number of cyclesto

Figure 3.4.10. Wear debris and deep grooving of
the shuttle from the dimplesin the guides at succes-
sively higher magnification. These images were
from a pin linkage microengine stressed at 1720 Hz
for 290,000 cycles
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failure and whether atrack was observed
and no pattern was found. Wear track for-
mation appears to be a random occurrence.

In several cases, optical examination of
microengines being exercised with adrive
cycle indicated that the Y shuttle was inca-
pable of movement. Often, thisis accompa-
nied by other indicators such as cyclic flex-
ing of the shuttle resulting in vertical dis-
placement, or movement of the Y link arm
up to the link pin under the action of the X
shuttle. The X shuttle operates normally in
all cases where it has been excised from the
rest of the system.

Figure 3.4.11 shows a high tilt angle
view of the pin linkage region of such an
engine. Proximity or contact, athough e
corded where possible, is not a certain indi-
cator of adherence between rubbing surfaces
in our experience. At high tilt, the dimple
(high magnification - upper right) appears
not to be in contact with the shuttle although
severe wear debris has been generated. The
half round guide (lower right) appears to be

Frelé.4.11. igh-tilthM |ew of guide area
and magnified views of guides.

.4.12. Location of FIB cut on pin link-
age guide.
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in contact with the link arm.

Frequently, the shuttle was severely
grooved on one side and less damaged on
the other, indicating that the shuttle was
canted during operation. The dimples ap-
peared to have horizontal, smooth bottoms
as indicated by control samples. FIB sec-
tions of one shuttle indicate asperities from
rubbing which correspond to grooves in the
shuttles.

In several instances, the FIB was success-
fully used to sever the connection between
the portion of the guide supporting the dim-
ple and the shuttle. A view of the placement
of such acut is shown in Figure 3.4.12.

Two effects were observed. When the
dimple was stuck to the shuittle, as the ion
beam milled through the last remaining
thickness of the guide, the springs of the
comb drive restored the shuttle to its equilib-
rium position, carrying the remnant of the
guide and stuck dimple as shown in Figure
3.4.13. Subsequent operation of these en-
gines was restored by FIB cuts such as
these.

Figure 3.4.13. Optical image of a shuttle with an
attached dimple that was freed from the anchored
portion of the guide by aFIB cut. The shuttle moved
to the left with no external force applied to the en-
gine.

Linkage pins attached to the Y shuttles
and receiver holes in the connecting arms
also show some evidence of directional
wear. This has been corroborated by FIB
sectioning and is shown in the SEM images



of Figures 3.4.14 and 3.4.15. Pin wear was
predominantly on faces perpendicular to the
direction of mation of the shuttle. The worn
receiver hole in Figure 3.4.15 is viewed
from the top surface, and the control sample
is viewed from the bottom surface, which
was exposed when it was lifted off. The
wear resulting form operation is quite evi-
dent.

Figure 3.4.15. Receiver holesin link arms. Top
view on engine worn to failure (left) and view of
bottom surface of engine which was never operated

(right).

Figure 3.4.16 is an SEM image at O° tilt
angle that shows atypical result for pin joint
receiver holes in drive gears in both flex
linkage and pin linkage microengines tested
to failure. The wear debris is generated
somewhat more severely at drive pins than
at drive hubs. Many receiver holes show
this appearance of material having been
“scooped out” from the bore on one side and
wear debris piled up in another site—effec-
tively changing the location of the hole.
Compare this to the round appearance of the
hub attachment pillar and lower hub flange
on the right of theimage. This engine failed
into a rocking mode; it did not seize up
completely. A magnified view of this hole
is shown in Figure 3.4.17.

Figure3.4.16. SEM image of receiver holein drive
gear exhibiting severe wear.

Figur 3.4.17. Drive gear receiver holeinapin
linkage microengine tested to failure.

FA Summary

Both pin linkage and flex linkage micro-
engines driving load gears experienced sig-
nificant wear which was most severe at pins
and receivers in the drive gear, and aso fre-
quently found on drive gear hubs. No in-
stance of wear debris has been observed on
load gear hubs of pin linkage microengines
driving loads. Significant wear has been
found at locations unique to the pin linkage
microengines, such as pins and holes and
restraining guides and shuttles. The occur-
rence of debrison the Y shuttle guides of the
flex linkage engines has been somewhat
lower. The guides on the flex linkage en-
gine have 0.5-micron spacing and are not
clamped with a dimple from the upper layer
of polysilicon.
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Model Development

Itiscritical that afailure model be devel-
oped that describes the observed physics of
failure and allows prediction of ultimate
fallure in any final design. To do so the
failure modes must be established from sta-
tigtically significant data.

Failure Modes

We have observed that wear is a primary
failure mechanism in microengines (see
sections 3.3 and 3.10 in this report). Using a
wear variable for adhesive wear provided a
good fit to the previous data. Onetypically
describes adhesive wear as having alow
contact pressure and abrasive wear with a
high contact pressure [43]. Inreality, wear
is a combination of these processes with ad-
hesion producing debris that can then abrade
the rubbing surfaces. For this reason, we
will refer to low and high contact pressure
effects rather than trying to classify the wear
process.

Low contact pressure effects

At low contact pressures, the wear model
developed in section 3.3 describes the data
quite well. The equation describing the wear
was
f (Icp) ?1 ﬁo V (1)

2p @Cgl’F

where c was a wear variable, V; was the
critical volume to seize the microengine, r
was the radius of the pin joint, and F was
the normal force. (Icp refers to low contact
pressure while hpc stands for high contact
pressure)

If we consider wear in the guide region,
we can substitute 2pr, the wear length of
equation 1, with the new wear length of the
guide whichis4r’, wherer’ isthe radius of
the hub center to the pin joint. Therefore,
the equation for failure due to guides would
be

R
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We found good agreement between the
data and the modd if we used the ¢ of adhe-
sive wear
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where K is the adhesive wear constant
and syp isthe uniaxial yield strength.

High contact pressure effects

High contact pressure (hcp) wear (exant
ple shown in Figure 3.4.19) may take place
where a hard asperity on one surface gouges
or wears another mating surface. Thisis
commonly called two-body wear. Likewise
a hard particle trapped between two surfaces
can lead to gouging and wear in what is
called three-body wear. We will assume
that work-hardened asperities or particles

vFy

———

Figure 3.4.18. Example of how hcp wear oc-
curs. An assumed conical asperity gouges a
prismatic wear track in the polysilicon of the
shuttle.
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Figure 3.4.19. Definitions of groove parameters
used in hcp wear derivations.

may result in the gouging seen in the surface
of the wearing surface and will further as-
sume that the shape of this asperity is
roughly conical and that only a single asper-
ity actually makes contact and creates the
wear. The penetration of this asperity will
be such that the normal force, Fy applied to
it divided by the contact area, A is equa to
the flow stress in the polysilicon. Thus,

R, =3As w (4)



Given that the asperity is assumed to be
conical, the contact area, A, can be written
as. D
A= ZW2 (5)

And hence the forces balance when:

_3p
F —TWZSyp (6)

N

where the width of the groove is given as
W.

The hcp wear volume, Vi, Swept out by
the per cycleisthen given as.

=WhDLa (7)

where the height of the groove is given as
h and the total wear length is given as DL.
The constant a is the reciprocal of the total
number of cycles to produce the wear track
of height, h, and width, W. Replacing the
wear length with its value given in equation

(2) yields:
Vi, =4r' RWha ®)

By substituting the value for W obtained
by inverting equation (6) into the expression
for the hcp wear volume in equation (8) we
may write:

hcp

64F
s
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Just as for Icp wear, when the wear vol-
ume equals some critical volume (described
below) we would expect the device to fail.
Thus, we can use equation (9) setting Vhcp to
V¢ and R0 Rinep)g (the number of revolu-
tions to failure for high-contact-pressure
wear in the guide) to get:

Ve a)Syp (10)
Rf(hcng W 64F
N

Resonance Effects

The true normal force on the guide will
vary with excitation frequency, w, asthe
critical frequency, wo, for resonance is ap-
proached due to variations in forces caused
by the inertia of the system and the tolerance
in the pin joints. The joints have approxi-
mately 50% tolerance as measured by the
total diametrical gap divided by the joint
size.

In such a case, the normal force, Fy on
the guide will increase as the frequency ap-
proaches the critical frequency as [44]:
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where the term in large square brackets
represents a “ magnification factor” caused
by approach to resonance and

F isthe nominal force applied to the

guide,

Q isthe “quality factor” of the damped

harmonic mechanical system and

wiw, is the ratio of the driving

frequency to the resonant

frequency of the system.

Combined wear model:

Combining equations (3), (10) and (11)
we now arrive at the description for the reli-
ability of a MEMS actuator failing due to
Icp and hcp wear occurring between the
guide and the Y -shuttle of the microengine.
The mechanism that |eads to the earliest
failure will predominate.
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The formula for the number of revolu-
tions to failure when the wear occurs mainly
in the pin joint of the drive gear was derived
in section 3.3 of this report.

Note that there are no adjustable fit pa-
rameters. The physical constant variables
that are material dependent are known or
can be estimated. The other variables have
been measured or calculated.

V., the critical volume of adhered mate-
rial, can be estimated from known physical
parameters [46] by calculating the size of an
asperity needed to stop the motion of the
guide after an adhered junction occurs (Fig-
ure 3.4.18b). The cross-sectiona area of
such a junction that can just stop the motion
of the shuttle is given as:

A =F,Is (15
where Ac is the “critical area” of the ad-
hered junction and F, is the longitudinal

force exerted by the moving shuttle. F was

measured by displacing a cantilever beam
with known physical parameters with the
shuttle. The maximum drive voltage of 80V
was used to produce aforce of 11.8 mN.

If one assumes a roughly cubic mass of
material with this critical area, then the criti-
cd volume of this massis given by:

v, =AY =[F,1s [* (8)

For the values of force and yield strength
given in table 3.4.3, we calculate a value of
9.75 x 10°* m? for V..

The normal force was calculated using a
model of asingle layer comb. The maxi-
mum levitation force at a voltage of 80 V
was determined to be 39 nN. Sincethisis
the value at one extreme, we used an aver-
age vaue of 19.5 n\N.

The adhesive wear constant for polysili-
con on polysilicon hasn’'t been measured.
The value in Table 3.4.3 was an estimate
from experiments of ceramic on ceramic
wear.

Comparison to Model

Table 3.4.3 has the values of the model
parameters and the corresponding refer-
ences. Figure 3.4.20 shows the measured

Table 3.4.3. Failure Model Parameters

Variable Parameter Value Ref.

Syp uniaxial yield strength 1.2x10° N/mm? [5]

K adhesive wear constant | 4x10” [45]

V. critical volume 9.75x10* nm*® calculated
r Hub to pin joint radius 17 mm design

Fn Normal force 19.5 nN calculated
Vo, Resonant freq. 1150 Hz measured
Q Quiality factor 1.1 measured
F, Longitudinal force 11.8 mN measured
a Cycle constant 35x10° measured
H Height of track 67 nm measured
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reliability data as compared to the various
models. The data are bounded between the
two lcp wear models. The pin-joint wear
model assumes the dominant wear occursin
the pin joint of the drive gear. In thelinkage
wear model, the assumption is that the
dominant wear occurs in the Y -shuttle link-
age. The linkage hcp wear model describes
wear occurring in the Y -shuttle linkage.

It is surprising that the high-contact-
pressure model did so poorly. We definitely
have observed wear tracks. However, we
also observed large amounts of wear parti-
cles. Itispossiblethat a particle lodged
between the dimple and the shuttle formed
the track and then broke off leading to more
low contact pressure wear.

— - — lcp - pin joint in gear
= pin linkage data
----- Icp - pin linkage

hcp - pin linkage

le+6 1 -

le+5 1 I

le+4 1

Median Cycles to Failure

le+3 1
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Figure 3.4.20. Pin linkage data compared to the
various wear models.

Conclusions

We have determined that the pin mecha-
nism linkage is less reliable than the flexure

linkage. Thiswas due to the tight tolerance
(0.5 mm) of the guides that prevent vertical
motion. We observed excessive wear debris
and wear tracks due to the rubbing of the
dimple and the moving shuttle. The wear
tracks appear on microengines with low ac-
cumulated cycles and high accumulated cy-
cles. Many microengines failed with no ob-
servable wear tracks.

We have presented an contact-pressure
wear model which bounds the data indicat-
ing that the failures were a combination of
wear occurring in the drive gear pin joint
and wear occurring between the dimple and
the 'Y shuittle.
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3.5 Actuator reliability

In order to determine the reliability of the
actuators and linkage assembly separate
from the reliability of the microengine, we
designed a gearless microengine (see section
2.2). We performed an experiment that
showed the actuator/linkage was 4 orders of
magnitude more reliable than the entire mi-
croengine that includes the gear. Geared
microengines have shorter lifetimes primar-
ily due to the wear debris accumulation in
the pin joint and hub of a gear.

Experiment

The structure used in this experiment
consists of linkage arms connected to an
electrostatic actuator. It isidentical to the
standard microengine, but is fabricated
without the gear. A view of the linkage arm
connection is shown in Figure 3.5.1. The
etch hole was located where the pin joint
normally connects to the gear. When this

. 1 b TR T * 1l

!
F
standard microengine except it lacksagear. Anetch
hole marks the pin joint location. In astandard mi-
croengine, the etch hole would follow the 17 mm
radius circle. For this experiment, the etch hole
followed a12.6 mm radiuscircle.
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deviceisrun with a 17 nm radius, the ac-
tuators clamp [47] making the motion ap-
pear to be box-like. To prevent clamping,
we adjusted our model-based parameters for
aradius of 12.6 nm.

We stressed eleven of these structures at
afrequency of 1720 Hz. The parameter in
the Super nDriver code (section 1.6) that
was changed to yield a smaller radius was
the ratio kr/a, which was set to 1350. In the
ratio, k is the spring constant, r is the radius
of the circle, and a is the electrostatic con-
stant. A longitudinal force of 0.1 mMN was
implemented in the drive signals.

Results

The results were quite favorable and in-
dicated much longer life for a gearless mi-
croengine. The test was stopped with seven
failures after 4 months of continuous opera-
tion for an accumulation of 17.8 billion cy-
cles. Four structures were still operating at
the end of the test.

Figure 3.5.2 shows the failure data. The
median time to failure was 4 billion cycles
with asigmaof 1.7. Thissigmaisvery high
compared to our typical failure dataindi-
cating a spread in the distribution. Geared
microengines at this frequency typically fail
a 10° cycles.
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Figure 3.5.2. Thelifetime data of the gearless

structure has amedian time to failure of 4 billion
cycles.



The failure mode in the last two failed
structures was investigated and determined
to be adhesion in the guides of the actuators.

Figure 3.5.3. The actuator consists of combs con-
nected to a moving shuttle anchored through restor-
ing springs. The guidesin the circled region anchor
the springs.

Figure 3.5.4. Thisview of the failed gearless microengine shows the two |ocations where there was suspi-

Figure 3.5.3 shows the entire actuator. The
circled region consists of guides that con-
strain the moving shuttle and anchor the
springs.

A close-up of thisregion in the X actua-
tor on afailed structure with roughly 7.8
billion cyclesis shown in Figure 3.5.4. The
locations where we suspected adhesion are
noted with black arrows. We used a manual
prober to gently poke the point indicated by
the white arrow. The shuttle bounced back
to near rest position after the poke indicating
that our suspicion was correct.

The separation between the guides and
the shuttle must be 1 micron when fabri-
cated. Arcs(seenin Figure 3.5.4) were de-
signed on each side of the shuttle to achieve
this 1-micron design rule. When the shuttle
moves out of rest position, the separation
distance was reduced to 0.5 micron.

The freed shuttle was imaged in the SEM
but no definite signs of adhesion could be
pinpointed. A clear line-of-sight was not

cion of adhesion. A poke with the manual prober at the point indicated by the white arrow released the shut-

tle.
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shuttlé '

Figure 3.5.5. Thisview of the Y actuator guide and
shuttle shows impact wear generated during opera-
tion.

available for the most likely spot (along the
shuttle-guide interface).

TheY actuator on this microengine
showed signs of impact wear. Figure 3.5.5
shows aview of the guide where the shuttle
impacted presumably from clamping.

Although we thought clamping was
eliminated from this test, analysis shows
impact wear in some devices indicating
clamping. TheY shuttle is extremely sensi-
tive to this mechanism which propelled the
development of a newer non-clamping ac-
tuator (sections 3.6 and 3.13).

Conclusions

The actuator/linkage assembly of ami-
croengine is four orders of magnitude more
reliable than the gear. Even with the re-
duced radius, clamping was observed.

The weak link in the microengine is the
gear with its rubbing-surface separations of
nominally 0.5 microns. Reductions in wear
debris either through some type of surface
coating or other material would improve the
performance of the gear.

[47] S. L. Miller, M. S. Rodgers, G. LaVi-
gne, J. J. Sniegowski, P. Clews, D. M.
Tanner, K. A. Peterson, “Failure Modes
in Surface Micromachined MicroElec-
troMechanical Actuators,” Proc. 1998
|EEE International Reliability Physics
Symposium, Reno, NV, 1998, pp. 17-25.
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3.6 Drive Signal Study

Drive signals are an important aspect of
MEMS actuators, for without them the de-
vices do not function. How well do drive
signals need to be optimized for a given de-
vice? Do variations in the devices them-
selves contribute to their reliability? These
are questions that we addressed in a study of
drive signals and variations in devices and
how this relates to reliability.

The spring constant (kr/a) on 26 geared
microengines and 26 gearless microengines
was measured. All of these devices were
from the same wafer. The spread of kr/ais
large for the geared engine (Figure 3.6.1).
Thisis probably due to stiction in the pin
and hub region. Since the geared devices
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Figure 3.6.1. Distribution of kr/avalues for geared
microengines.
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Figure 3.6.2. Distribution of kr/avaluesfor gearless
microengines

often do not return to their normal rest posi-
tion once the voltage signals have been re-
moved. The gearless engines (Figure 3.6.2)
show much less variation in kr/a. Both types
of devices show a peak at 1300.

The resonant frequency (wo) was also re-
quired for a lifetime experiment to be per-
formed on these devices. Sincethistestis
destructive to the device and the parameter
is known to be consistent from part to part
only three devices were used. The voltage
for these three parts ranged from 1000 to
1150 Hz for an average of 1081Hz (6793
radians/sec).

Lifetime experiments were performed on
the geared microengines using average kr/a
value for al the devices and the individua
kr/a measured for that device. Figure 3.6.3
shows the results of the lifetime experiment
using the average kr/avalue. Figure 3.6.4
shows device lifetimes when using the kr/a
measured for the individual device. There-
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Figure 3.6.3. Device failures using average kr/aval-
ues.
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Figure 3.6.4. Devicefailures using individual kr/a
values.
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sults are of the same order of magnitude,
therefore we can deduce that having a finely
tuned kr/afor the device does not effect the
overadl reliability of the device.

The development of the image capture
and analysis tools (Section 1.9) provided the
capability to further study the effects of
drive signals on microengine performance.
Smooth rotational motion (theta vs. time)
measurements and angular error measure-
ments can easily be made. This provided a
way to determine how well the gear stayed
in synchronization with the drive signal.
This information can be used to determine
dip-stick behavior, friction coefficients, and
possibly be used to determine the reliability
of the device.

A series of images were acquired from
four geared microengines. Three of the en-
gines were from the kr/a measurement ex-
periment and the fourth came from a prior
lifetime experiment. This microengine had
already accumulated approximately two bil -
lion cycles with the other three parts having
less than afew tens of cycles.

Image sets for analysis were taken at 100
Hz with the stress cycles occurring at 1720
Hz. Aninitia set of baseline images was
taken for each microengine except for the
two billion-cycle device. M easurements of
thetavs. time and angular error were made
on each device.

The microengine shown in Figure 3.6.5
failed very quickly. The plot shows that the
device s sticking after only 60 000 cycles.
The position that the device failed at is indi-
cated by the first point in the 100 000 cycle
plot. This device show arapid degradation
in the angular error (Figure 3.6.6) after only
60 000 cycles. This can be contrasted with
the device shown in Figures 3.6.7 and 3.6.8.
This device degraded much more slowly.
The theta vs. time plot shows that this de-
vice moves at afairly constant rate. It should
be noted that several points on the graphs
are points that where misidentified by the
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search algorithm. The points show up as
random points on the plots. Both of these
devicesfalled early in their expected life-
time.

Data was also taken on a microengine
that had accumulated 2 billion cycles. The
theta vs. time and angular error plots are
shown in Figures 3.6.9 and 3.6.10. This de-
vice’'s motion appears to still be extremely
smooth. This device aso lacks the charac-
teristic hump that is evident in the angular
error plots of the other devices.

A gearless microengine was used to de-
termine how well the drive signals were op-
timized for these devices. A plot of circular
position is shown in Figure 3.6.11. This plot
shows that at 100 Hz the drive signals are
well matched to the device. At 1000 Hz we
begin to see some irregularities. The images
at 1720 Hz could not be interpreted due to a
large amount of blurring. It does appear
however that something about the system
changes as we approach the resonance of the
system and go beyond it.

Conclusions

Experiments have shown that an average
kr/a vaue can be used for lifetime test with-
out effecting the reliability of the devices
being tested. The image analysis tools that
have been developed have allowed us to
gain further insight into device behavior at
operational speed. The smal humps in the
angular error measurement warrant further
investigation, as this may be an indicator of
expected lifetime. Device behavior needs to
be examined more closely at higher speeds
to determine what types of changesto drive
signal parameters are needed or if additional
variables need to be accounted for.
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3.7 Temperature Cycling

Potential effects on reliable MEMS op-
eration due to thermal expansion of the
polysilicon components were analyzed.
Modeling results indicate that this should
not be a significant failure mechanism. Ex-
periments were carried out which verified
that temperature cycling had no detrimental
effects on the reliable operation of the San+
dia micro-engine.

Thermal Expansion Model

An analysis using a simple first-order
model was performed to examine possible
effects on reliable MEMSS operation due to
the thermal expansion of the polysilicon
components. The change in length DI due to
atemperature change DT is well-
approximated by

[I]_ =aDT (@D}
where a isthe linear coefficient of expan-
sion. For polysilicon, a » 3x 10°/°C. The
minimum in-plane space that can be fabri-
cated using the present MEMS (SUMMIT)
technology is about 1.0 micron.

First consider the case of two polysilicon
components that are free to move (like
gears) and can expand in any direction. For
two of these to touch as aresult of thermal
expansion, it would require that the product
of the temperature increase and the length of
the polysilicon component, i.e., IDT, beat
least 3.33 x 10° um®C (1 um/3 x 10° /°C).
For a temperature increase from room tem-
perature to 200°C, this would require com+
ponents on the order of 1.85 mm, which is
very large.

If one end of both components were
fixed, such that they were free to expand
only in one direction towards each other,
then for these to touch, the IDT product
would have to be at least 1.67 x 10° um®C
(0.5 um/3 x 10°® /°C). For a temperature in-
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crease from room temperature to 200°C, this
would require the components be on the or-
der of 925 um, which is still very large.

Actuadlly this ssimple analysis is somewhat
conservative in that it ignores the thermal
expansion of the silicon substrate, which
would tend to move fixed components on
the surface further apart. This would not be
afactor for out-of-plane thermal expansion
(normal to the surface).

In summary, these rudimentary calcula-
tions indicate that thermal expansion is un-
likely to cause MEMS to fail to operate over
areasonable temperature range. Thisis par-
ticularly true for the Sandia micro-engine,
for which the drive gear isonly 80 umin
diameter. This conclusion was borne out in
the experimental studies described below.
However, other thermal effects may be more
subtle, e.g. deformation, which may result in
sub-optimal operation or reduced operating
lifetimes. These types of effects would re-
guire much more detailed study.

Experimental set-up

The testing began with 20 functional mi-
cro-engines on seven die packaged in 20-pin
ceramic DIPs. Rather than sealing the pack-
ages with metal lids, glass microscope dides
were attached with tape, which permitted
observing the micro-engine operation and
provided some protection from handling.

All the parts used in these tests were taken
from lot TP16501A-02-02.

The environmental test chamber used for
all testing (Model 8000, Delta Design, Inc.)
has two temperature chambers and a transfer
carriage for moving the sample parts be-
tween chambers. One chamber was con-
tinually maintained at the selected low-
temperature set-point, while the other cham-
ber was kept at the selected high tempera-
ture. Transfer between the chambers took
only afew seconds.

During the temperature cycling tests, the
signals required to operate the micro-



engines were not applied, that is, the micro-
engines were not running. After the tem-
perature cycling was completed the micro-
engines were tested to see if they were still
functional.

Test 1

This test consisted of three temperature
shock cycles between -55°C and +75°C.

For each cycle the micro-engines were kept
at -55°C for two hours and +75°C for two
hours. After three cycles, the parts were re-
moved and kept at room temperature for two
hours prior to testing.

All 20 of the micro-engines were till
functional upon completion of the tempera-
ture cycling. In fact, one micro-engine that
previousy had been non-functiona was
found to be operational. It isvery likely that
the thermal stresses created during heating
and cooling cycles might be sufficient to
free a stuck member of the micro-engine.

Test 2

This test consisted of four temperature
shock cycles between -55°C and +200°C.
The same micro-engine samples were tested
that were used in the previous temperature
cycling test.

For each cycle the micro-engines were
kept at -55°C for approximately one hour.
Due to electrical problems with the auto-
matic carriage transport mechanism, the
transfer of the sample parts between the two
temperature chambers had to be initiated
manually. As aresult, the time the parts
were kept at +200°C varied for each of the
four cycles: 15 hours, 1 hour, 1.75 hours,
and 0.5 hour. After four cycles, the parts
were removed and kept at room temperature
for one hour prior to testing.

All 20 of the originally functional micro-
engines were still working upon completion
of this second round of temperature cycling.
The additional part that started to operate

after the first temperature cycling test was
also functional, as well.

Hot chuck test

To demonstrate that the Sandia micro-
engine will operate over a wide temperature
range, an experiment was performed using a
whole wafer (TP15603-01-07) mounted in a
Cascade wafer probe system. Thesignalsto
operate the micro-engines where provided
through adjustable electrical probes. The
chuck on which the wafer rested could be
heated or cooled.

While continuously observing a running
micro-engine, the wafer was heated from
room temperature (25°C) to 150°C in about
12 minutes. Nothing unusual was seenin
the micro-engine operation. At 150°C, the
micro-engine was stopped and restarted sev-
eral times without any problem. Severa mi-
cro-engines, known to be functional at room
temperature, were probed and found to be
operational at 150°C, as well.

The wafer was then cooled to 0°C in less
than 14 minutes, again while a running mi-
cro-engine was continuously monitored.
The micro-engine was stopped and restarted
severa times at 0°C. Again, the micro-
engine operated flawlesdly.

Conclusion

Temperature cycling in the range of
-55°C to +200°C has been shown to have no
detrimental effects on the operation of the
Sandia micro-engine. These experimental
results are in agreement with a modeling
analysis showing that thermal expansion of
the polysilicon components should not cause
MEMS to fail to operate in this range.
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3.8 Shock tests on the
microengine

In order to find the susceptibility of our
MEMS devices to shock, tests were per-
formed using haversine shock pulsesin the
range from 500g to 40K g (up to twenty
times the requirement for our typical sys-
tem). The microengine performed quite
well at these high levels with a mgjority
functioning after the stress.

Figure 3.8.1. Upper — Module 4 from TP157 con-
sists of two microengines driving load gears and
two simple microengines. Lower - Module 1 from
TP084 consists of four microengines driving load
gears. The arrow indicates the direction of shock
impact.
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Some of our observations follow. Debris
moved at levels greater than 4000g causing
shorts in the actuators. Bond wire and pack-
aging problems surfaced there also. The
die-attach bond failed at 10K g allowing the
die to slam into the package lid. At 20 Kg
we began to observe structural damage. Ce-
ramic packages fractured at 40K g.

Experiment
Module description

We used a module consisting of four mi-
croengines, two of the microengines were
attached to load gears to smulate real-world
conditions. Module 4 from TP157 and
module 1 from TP084 were used in this test.
A complete description of the TP157 MEMS
module can be found in section 2.5 of this
report. Module 1 from TP084 consisted of
four microengines driving load gears. Both
modules are shown in Figure 3.8.1.

There were two magjor differences in the
modules used. Module 1 from TP084 was
an older version microengine with no verti-
cal constraint. Module 4 from TP157 used
the newer microengine design with guides
that provide vertical constraint.

Each module was attached inside a 24-
pin DIP ceramic package. A typical pack-
age without a cover is shown in Figure
3.8.2. For the shock test, meta lids were

Botto mt

Figure 3.8.2. Photo of atypical packaged diethat
was shocked in the three orientations indicated.



taped to the packages to prevent particle
contamination of the MEMS devices. We
used three directions of shock impact, des-
ignated top, bottom, side, and also shown in
Figure 3.8.2.

Each functioning microengine was visu-
ally documented before the shock by cap-
turing video images. We captured nine im-
ages per microengine. Four images were
captured for each actuator, either X or Y,
corresponding to different sections of the
shuttle and comb mechanism. The final im-
age was of the gear.

Calculations

In this discussion, the vulnerability to
shock environments were calculated using
simple models and Newtonian physics.
Damping in the air environment was not in-
cluded but may be afactor in reducing the
shock effects. These calculations are most
certainly worst case.

The Sandia designed microengine was
selected as a test device because it performs
actuation on all of the present designs. The
microengine has all the components needed
for evaluation: springs that flex, gears that
are anchored, and clamps and spring stops to
maintain alignment.

The first step is to calculate the mass of
the moving structures. Figure 3.8.3 shows
the comb, shuttle, and spring structure. The
structure is anchored in eight places near the
inner guides and circled in black in the fig-
ure. The mass was caculated as area”
thickness” density of polysilicon and is
shown in Table 1. Each structureis com-
posed of the polylpoly2 laminate plus a

Table 3.8.1. Mass of moving structure

Area Mass | No. Full

(m)’ | (ng) mass

(ng)

Shuttle | 30,866 | .324 1 .324
Comb 5,760 .0604 | 8 483
Springs | 4,736 0497 | 4 199
Total: | 1.01

3 £ & &

anchors

Gl 2 € ¢
Figure 3.8.3 The moving components of the micro-
engines actuator include combs, shuttle, and springs.
The arrows and circles indicate where the springs are
anchored.

poly3 layer which yields an overdl thick-
ness of 4.5 mm. The density of polysilicon
is 2.33 g/cnt or 2.33 x 10°° ng/mm?®

Once the mass is known, it is straight-
forward to calculate force due to accelera-
tion from a shock. For example, the force
from a 2000g, delta function shock would be

F = ma= (1.01 ng)(2000g)(9.8 m/secq)
=19.7 mN 1)

The crucial factor is determining where
this force acts on microengine components
and how much deflection occurs before
fracture. For any material, fracture occurs
when the stress applied exceeds the fracture
strength. For polysilicon, a conservative
estimate of the fracture strength is 1.5 GPa
[48]. We can use beam-bending equations
to get ahandle on the effect. The stresson a
simple cantilever beam is given by

s =FLt/2l 2
s isthe applied stress, F is the force applied
to the end of the cantilever of length L, tis
the thickness of the beam in the direction of
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the force, and | isthe moment of inertia. For
arectangular beam

| = bt¥/12 (3)
(b isthe width) and for a cylinder
| = pD*/64 (4)

(D isdiameter). Combining equations (2)
and (4) for rectangular beams, yields
F = sht?/6L (5)

where if the applied stressis 1.5 GPa, then
this force will fracture the beam.

Another useful equation regarding beam
bending is the deflection, d, of a beam with
applied force which yields

d = FL¥3El (6)
where E is Young's modulus generaly set to
155 GPaor 0.155 N/mn.

Now for the case of the microengine, in-
the-plane shocks should be well mitigated
by spring stops and guides so we expect to
see no damage. There may be stiction
problems for surfaces coming into contact.
However, by far the greatest vulnerability is
due to an out-of-the-plane shock. Most of
the comb actuators have no constraints to
motion out of the plane.

A large shock from the top would alow
the massive shuttle and combs to risein re-
lation to the substrate. There are eight an+
chors connected to the springs to hold the
structure down. The springs are free to bend
giving rise to misalignment and with alarge
enough shock could produce a spring frac-
ture.

A shock from the bottom would push the
shuttle, combs and springs down 2 nm into
the substrate alowing stiction to take effect.
A plot the deflection equation (6) is shown
in Figure 3.8.4 for accelerations of interest.
Also shown on the plot are possible failure
modes.

For this out-of-plane motion, the smple
model is that the force is distributed over the
eight-anchored spring beams. These beams
are 540 nm long (L), 4.5 nm thick (t), and 2
nmm wide (b). For stiction to occur, the
beams must flex only 2 nm towards the sub-
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strate, which could be achieved by a shock
of 100 g. Misalignment can occur when the
combs and shuttle move away from the sub-
strate by roughly 10 nm from a shock of
400g. Using equation 5, aforce of 18.8 nN
would break an individual spring beam and
deflect it 419 nm. Because we have eight
springs, the force is distributed implying that
we may see spring fracture at 150 N or
15,200 g.

100000 Spring Fractuge

(8 beams)
@15200g V¥

10000 /
| _ Misalignment
/— @400g

1000 ‘
/ Stiction )

// @100g
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acceleration (g)
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distance moved out of plane (um)

Figure 3.8.4. The plot showswhere the problem
accelerations may arise. Air-damping effects were
ignored.

Shock levels and spectra

The calculations gave guidance on what
shock levels should be used. The experi-
ment matrix with the total number of func-
tioning microengines tested at each level is
shown in Table 3.8.2. This total number
was composed of two types of microengines
as mentioned earlier.

Table 3.8.2. Number of microengines tested
at each shock level.

Level Bottom | Top Side
5009 8 8 8
1,000 |7 8 7
4,000 | 4 5 3
10,000g | 5 8 6
20,0009 | 6 7 6
40,0009 | 4 8 4
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package

Figure 3.8.5. Thisfixture clamps up to four pack-
ages for the shock table tests.

Figure 3.8.6. Te fixtre was mounted at the end of
the Hopkinson bar and was blown into the catcher
after the shock.

The MEMS devices were unpowered
during the test. A maximum of four pack-
ages was clamped into a fixture as shown in
Figure 3.8.5. The fixture was implemented
with acceleration sensors and then attached
to the shock table. The three orientations
were achieved by rotating the fixture on the
table.

For shock levels above 10 Kg, afixture
was designed that attached to a Hopkinson

bar. Two packages could be tested in two
orientations at each shock level. The fixture
is shown mounted to the end of the bar in
Figure 3.8.6. The shock actually blows the
fixture off the end of the bar and into a
foam-filled catcher.

The shock table produced the haversine
shock pulses for levels £ 10 Kg with 1 ms
pulse widths. For levels> 10 Kg, aHop-
kinson bar produced pulse widths of
roughly 0.2 ms. Typical spectra are shown
in Figure 3.8.7. Theringing seenin the
lower spectrum was due to the fixture hold-
ing the packages.
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Figure 3.8.7. The upper spectrum wasfrom a
shock table impact and the lower spectrum was
from the Hopkinson bar.
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Results

Preliminary results indicate that these
MEMS devices are quite robust. Levels of
500g and 1000g didn’t even budge specks of
debrison the die. In generd, dice are ex-
tremely clean with very little particle con
tamination. However, dlivers of polysilicon
from the sawed edges of the die can break
off (typicaly from handling) and contribute
to debris. All 24 microengines at 500g and
22 microengines at 1,000g functioned after
test with no damage. No stiction or comb
misalignment was observed.

At 4000g, 11 out of 12 microengines
functioned. However, we began to see bond
wire problems in the package. Two rockers
(a bottom impact and a side impact) func-
tioned when manually probed, thus bypass-
ing the package. A rocker is a microengine
that doesn’t make a complete revolution, but
is not adhered so it can rotate through a
small angle. The one failure moved dightly
when first powered but then stuck. Debris
on the surface of the die moved dightly due
to the shock at 4,000g.

Although the 10K g level had 90% pass
the test (17 out of 19), we once again ob-
served two rockers, one from atop impact
and one from a side impact. The side impact
produced a hairline crack in the package,
which propagated during handling to short
two power signals. Cutting the bond wires
eliminated the short and produced a func-
tioning microengine. The top-impact rocker
simply functioned when manually probed
indicating signal loss through the package.

The two failures at 10K g were under top
impact. The die actually broke away from
the package and slammed into the metal lid.
The broken die and package interior is
shown in Figure 3.8.8. Note the imprint of
the die into the die attach material. Each die
was treated with a coupling agent to prevent
stiction after the release. The failure oc-
curred primarily because the coupling agent
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weakened the bond at the die-package inter-
face. Thisdie attach failure was observed in
only one package out of three subjected to
top impact.

Also at 10K g, debris moved substan-
tially. The edge of the die exposes polysili-
con layers, which flake off easily to produce
debris. The TP084 module had beam-like
alignment marks located near the streets,
which were freed due to handling producing
debris. This debris has the potential to short
out the actuators in the microengine.

- B _E

E e s B
Figure 3.8.8. Theinterior of the package subjected
to 10K g from top impact shows the broken die and
the imprint of the die in the die attach.

The tests were successful at 20K g, with
14 out of 19 microengines functioning after
the test, but we began to observe structural
damage. Three large gears (320-nmm diame-
ter) broke away from the substrate as shown
in Figure 3.8.9 due to a bottom impact, but
the microengines still functioned after test.
One set of linkages was lost (Figure 3.8.10)
in atop impact producing a failed microen-
gine.

The other four failures at 20Kg were
rocked but did not rotate. Probing was un-
successful in these cases to revive the mi-
croengine. Rocking istypically observed
due to either asperity contact in the rubbing
surfaces or signal loss in the actuators.
Further investigation will be required to as-
sess these failures.
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Figure 3.8.9. A bottom impact of 20Kg broke the
anchor of the large gear. The microengine com:
posed of the two actuators and drive gear still func-
tioned in this case.

I

g - %
BBEijore - -

SN3423 E3

after g a\ ;‘-".,
(e N

M -f "w -‘

missing lin

Figure 3.8.10. The linkage arms were removed
with a 20K g top impact.

One of the microengines at 20K g had de-
bris shorting out the actuation. Removal of
the debris by careful probing fixed the short
and the microengine functioned.

There were no severe die attach failures
at 20 Kg from top impact although in two
packages the dice were loose and held on
only by the bond wires. It isuncertain if this
happened from the shock or during handling
after the test.

The extreme level of 40K g shattered all
four of the ceramic packages. An example
of package fracture after bottom impact is
shown in Figure 3.8.11. All 8 microengines
stressed in a top impact were destroyed due
to die attach failure. Surprisingly, two dies
survived (one from bottom impact and one
from side impact) and were lifted from the
fractured packages. One isshown in Figure
3.8.12 where the bond wires are visible
along the edge of the die. After careful re-
moval of the bond wires, two microengines
actually functioned, one from each die.
There was alarge amount of debris on the
surfaces that may have hampered the func-
tionality of the other microengines.

The bottom impact die at 40K g started
with four functioning microengines. After
the test, one of the microengines functioned,
two of the microengines failed as rockers,
and the other microengine was shorted due
to debris.

The side impact die at 40Kg also started

iure3.8.11. The OKg imt from the bottom
fractured the package. The die wasremoved and
tested.
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Figure3.8.12. Thisdie wasremoved from afrac-
tured package subjected to 40K g shock impact.

with four functioning microengines. After
the test, one of the microengines functioned,
one microengine failed due to a broken drive
gear anchor (the actuators still worked), one
microengine failed due to a broken flexure
in the linkage arms (again, the actuators
work), and one microengine may have been
shorted due to debris.

More failure analysis will be included in
conference proceedings [49] because it was
incomplete at the deadline for this publica-
tion.

Comparison to prediction

We predicted stiction and misalignment
at 100g and 400g respectively. Thiswas not
observed at any of the shock levels. The
calculation did not include air damping
which with these small masses may have a
large effect.

The prediction of fracture at 15Kg was
seen in the structural damage at 20K g.

Conclusions

These MEMS devices are extremely ro-
bust in shock environments. At levels
twenty times the typica requirement for our
systems, some of the microengines func-
tioned after test.
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Debris from the die edges and alignment
marks moved at the levels greater than 10Kg
causing shorts in the actuators. This may be
the cause of the rocker problem.

Many of the structural effects could be
fixed with simple design changes such as
larger anchors for large gears or wider flex-
ures. However, ceramic packages will
fracture at 40K g.

[48] W. N. Sharpe, J., K. T. Turner, and R.
L. Edwards, “Tensile Testing of Poly-
silicon,” Experimental Mechanics, vol.
39, no.. 3, 1999, pp. 162-170.

[49] Danelle Tanner, Karen Helgesen, Jer-
emy Walraven, Lloyd Irwin, and Fred
Brown, , “MEMS reliability in a shock
environment,” IRPS 2000, to be pub-
lished.



3.9 Vibration tests of the
microengine

In order to find an upper bound on sus-
ceptibility to vibration, the tests performed
were four times the requirement for our
typical system. The microengine performed
quite well at these high levels with 17 out of
22 functioning after the stress.

Three of the failures had power signals
shorting to ground. We suspect that this was
not due to vibration because three of our
controls exhibited the same type of failure.
The controls were simply stored in abenign
nitrogen environment.

Experiment Description

We used a module consisting of four mi-
croengines, two of the microengines were
attached to load gears to smulate rea-world
conditions. Module 4 from TP157 was used
inthistest. A complete description of this
MEMS module can be found in subsection
2.5 of this report.

The module was attached inside a 24-pin
DIP ceramic package. A typical package
without a cover is shown in Figure 3.9.1.
For the vibration test, metal lids were taped
to the packages to prevent contamination of
the MEMS devices.

We used three modes of vibration, desig-
nated top/bottom, short side, and long side,
and also shown in Figure 3.9.1. With the
top/bottom vibration, possible problem areas
were stiction to the substrate or misalign-
ment of the movable shuttle and combs.

The microengines are fairly well constrained
by guides and spring stops against move-
ment in the plane of the die. However,
resonance effects could well be an issue for
the short side and long side vibrations.

The orientation of the die relative to the
vibration is shown in Figure 3.9.2. In both
long side and short side orientation, actua-
tors will be vibrated parallel or perpendicu-

Top/Bottom

1 1

Short Side

Figure 3.9.1 Photo of atypical packaged die that was
vibrated in the three orientations indicated.

e
iii.n. h

Long Side

Figure 3.9.2 Orientation of the dierelative to the
vibration.

lar to typical shuttle movement. When the
motion is parallel, the shuttle and gear could
move. However, with perpendicular motion
the shuttle hits the guides.

Each functioning microengine was visu-
ally documented before the vibration by
capturing video images. We captured nine
images per microengine. Four images were
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captured for each actuator, either X or Y,
corresponding to different sections of the
shuttle and comb mechanism. The fina im-
age was of the gear.

Because this test was interested in estab-
lishing an upper bound to the susceptibility
of MEMS devices to vibration, we chose a
spectrum that was nearly four times the
typical system vibration requirement. Our
design stress was a white noise spectrum
with frequency components from 20 Hz to
2000 Hz and a power spectral density of 0.8
of/Hz. This range includes the resonant fre-
guency of the microengine. The duration of
the test was three minutes.

The vibration spectra are shown in Figure
3.9.3, which includes the system require-
ment, the stress design, and the actual spec-
trum measured during the test. The rms val-
ues were calculated from the square root of
the power spectral density times bandwidth.
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Figure 3.9.3 The graph of vibration spectra shows
the requirement at 10.5g rms, the 40g rms design
stress and the spectrum measured during the actual
test.

The rule of thumb for the peak acceleration
is three times the rms value, which was 120g
for thistest.

The MEMS devices were unpowered
during the test. The packages were clamped
into afixture as shown in Figure 3.9.4. The
fixture was then attached to a mounting cube
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" 3.9.4 Thefixturein thevi brati test clamped
the packages in place to prevent movement.

Balance Mass

shows the fixture attached to the mounting cube for
long side vibration. The arrow indicates the vibration
direction.

on the shaker table shown in Figure 3.9.5.
The arrow in the figure indicates vibration
direction. The balance mass shown behind
the mounting cube prevented out-of-plane
stray oscillation. The three orientations
were achieved by rotating the fixture on the
mounting cube.

The initial test had five functioning mi-
croengines in the top/bottom orientation,
five microengines in the long side orienta-
tion, and 4 microengines in the short side
orientation.



Results

The initia test was highly successful with
13 out of the 14 on test surviving and
working with no observable damage. We
observed no stiction or misalignment prob-
lems in the microengines tested in the
top/bottom orientation. The only overall
effect noticed was a small change in the lo-
cation of debrisin the package. The debris
was a sliver of polysilicon, probably from
the edge of the die. Figure 3.9.6 showsthe
before and after images of debris movement.
The vibration direction was long side as in-
dicated in the figure.

There was a packaging failure in one case
due to a short in the power signal bond wire.
The microengine was run on a manual pro-
ber, thus bypassing the package, and it
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Figure 3.9.6 Example of debris movement as aresult
of thevibration. The arrow indicates thelong side
vibration direction.

functioned properly.
The only microengine failure was due to
abroken pinjoint as seenin Figure 3.9.7. In
order to investigate this effect, a repeat of
the long side vibration test was conducted.
The results of stressing 16 additional micro-
engines resulted in NO broken pin joints.
Was there enough force in this test to
break a pin joint? We can estimate the
forces involved in the vibration assuming
that the peak acceleration is 120g. The mass
of the moving shuttle, combs, and springsis
1 ny. If wesimply use F = ma, the peak
force from the vibration was 1.2 mN. This
force used with the spring equation, F = kx,
where k was experimentally determined [50]
to be 0.083 N/m will yield displacement.
Assuming that the shuttle is not attached to
the gear, the displacement would be 14 nm.
A typical force used to rotate the microen-
gineis 10 to 15 nN and typical displace-
ments are 34 nm. Our only other observa-
tion [51] (see aso Section 3.3 in this report)
of broken pin joints was due to wear under
accelerated conditions, not simple function-
ality tests. Hence, this acceleration due to

Figure 3.9.7 The linkage arms were disconnected
from the gear thereby breaking the pin joint in the
region indicated by the arrow. The double-tipped
arrow indicates long-side vibration direction.
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the vibration was not enough to break a pin
joint.

There were eight functioning microengi-
nes on the repeat test. Four survived the test
indicating an overall success of 17 out of 22
microengines. Three of the four failuresin
the repeat experiment had one power signal
line shorted to ground. We suspect that this
was not due to vibration because three of our
controls exhibited the same type of failure.
The controls were simply stored in abenign
nitrogen environment. More failure analysis
will be included in conference proceedings.
[52]

Conclusions

Vibration tests at four times the require-
ment were successful with 17 out of 22 mi-
croengines functioning properly. Three of
the failures were due to shorting of the
power signa lines. Three of our controls
also had this shorting failure indicating that
it quite possibly is not due to vibration.

It appears that vibration will not be a big
issue in qualifying MEMS for our systems.

[50] Norman F. Smith, William P. Eaton,
Danelle M. Tanner, and James J. Allen,
“Development of characterization tools
for reliability testing of MicroElectro-
Mechanical system actuators,” Proc. of
SPIE, Santa Clara, September 1999, to
be published.

[51] Danelle Tanner, William Miller, Wil -
liam Eaton Lloyd Irwin, Ken Peterson,
Michael Dugger, Donna Senft, Norman
Smith, Paiboon Tangyunyong, and Sam-
uel Miller, “The Effect of Frequency on
the Lifetime of a Surface Micromachi-
ned Microengine Driving aLoad,” |IEEE
International Reliability Physics Sympo-
sium Proceedings, March 30 — April 2,
1998, pp. 26-35.
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[52] Danelle Tanner, Karen Helgesen, Jer-
emy Walraven, Lloyd Irwin, Dan Greg-
ory, and John Stake, “MEMS reliability
in avibration, environment,” |RPS 2000,
to be published.



3.10 Humidity

Humidity is shown to be a strong factor
in the wear of rubbing surfaces in polysili-
con micromachines. We demonstrate that
very low humidity can lead to very high
wear without a significant change in reli-
ability. We show that the volume of wear
debris generated is a function of the humid-
ity in an air environment. As the humidity
decreases, the wear debris generated in-
creases. For the higher humidity levels, the
formation of surface hydroxides may act as
a lubricant.

The dominant failure mechanism of rub-
bing silicon surface micromachining (SMM)
has been identified as wear. The wear de-
bris was found to be amorphous oxidized
silicon. Large slivers (approximately 1 mi-
cron in length) of debris observed at the low
humidity level were also amorphous oxi-
dized silicon. Using transmission electron
microscopy (TEM), we observed that the
wear debris forms spherical and rod-like
shapes.

We compared the effect of humidity on
wear for two surface treatment processes. a
fluorinated silane chain, (FTS) and super-
critical CO; dried (SCCOz). The microen-
gines using the SCCO; process were found
to be less reliable than those released with
the FTS process under two humidity levels.

Introduction

Reliability studies and predictions are be-
coming crucial to the success of MicroElec-
troMechanical System (MEMS) as commer-
cial applications are developed. There have
been extensive reliability studies by Maudie
et a. identifying possible failure mecha-
nismsin MEMS pressure sensors [53] and
sensors exposed to harsh environments [ 54].
The lifetime experiments of Texas Instru-
ments' Digital Micromirror Device (DMD)
investigated unique failure mechanisms
[55]. The DMD projection system has an

array of hinged mirrors and has demon-
strated 1.7 x 10" mirror cycles with no
hinge fatigue failures. However, most of the
MEMS products on the market are sensors
(pressure, acceleration, and chemical) that
do not have rubbing surfaces. In both sen
sors and the DMD example, issues like fric-
tion and wear are minimal.

For many MEMS devices, especially ac-
tuators, normal operation requires surfaces
to come into contact and rub against one an-
other. In these cases wear of the rubbing
surfaces becomes areliability issue. One of
the first experiments to show wear as a
dominant failure mechanism was performed
by Gabriel et a [56]. They ran polysilicon
microturbines [57] and gears at rotational
Speeds up to 600,000 rpm. A focused air jet
directed at the turbine induced the rotation.
They estimated dynamic coefficients of
friction between polysilicon and silicon
ranging in value from 0.25t0 0.35. The
wear was extensive enough to cause mis-
alignment followed by wedging of the de-
vice.

The objective of the present study isto
determine the fundamental correlation be-
tween environmental humidity and the life-
time of the microengine. Our previous work
with microengines was performed in ambi-
ent conditions, typically 30% to 40% rela-
tive humidity. A secondary objective was to
investigate the role of two different surface
treatment processes and their impact on mi-
croengine reliability. These processes will
be discussed in the next section.

Experimental Approach

Sample Preparation

Surface micromachined MEMS are me-
chanical structures fabricated from deposited
thin films. The structures are encased in
sacrificial layers (typically SiO2) until ready
for use. The oxide film is etched by hydro-
fluoric acid (HF) to yield a“released” sam-
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ple. There are severa strong adhesive
forces that act on the structures during the
drying stage of therelease [58]. Thesein-
clude capillary, electrostatic, and van der
Waals. Capillary forces dominate at these
dimensions and processes have been devel-
oped to reduce or eliminate the forces for
successful operation of the MEMS structure
[59].

Coupling agent coatings such as alkysi-
lanes have been used to increase the hydro-
phobicity of the polysilicon surface, thus
eliminating capillary forces[60]. The most
studied silane coatings deposited on silicon
are octadecyltrichlorosilane (OTS) precursor
molecules having a chemical formula of
CigH37SiCk. Additionally, a fluorinated
chain, perfluorodecyltrichlorosilane (FTS,
CsF13CH,SIiCh), has been studied by Alley
et d.[61]. Application of acoupling agent
requires preparation of the polysilicon sur-
face by an oxidation step (H205), resulting
in an oxide layer a few nanometers thick.

An dlternate approach to applying a cou-
pling agent prevents the formation of a me-
niscus by eliminating the liquid phase in the
drying process. This method is supercritical
CO3 drying [62] and it has been successfully
applied to surface micromaching.

In these experiments we used samples
that had either an FT'S surface treatment or
samples that were supercritically dried
(SCCOy). The SCCO, samples had no spe-
cific oxidation step, but were in an air envi-
ronment that would promote growth of a
native oxide.

Microengine Lifetime Experiment

This study used the electrostatically
driven microactuator (microengine) devel-
oped at Sandia National Laboratories [63].
The microengine consists of orthogonal lin-
ear comb drive actuators mechanically con-
nected to a rotating gear as seen in Figure
3.10.1. By applying voltages, the linear dis-
placement of the comb drives was trars-
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formed into circular motion. The X and Y
linkage arms are connected to the gear viaa
pinjoint. The gear rotates about a hub,
which is anchored to the substrate.

A die with four microengines (see section
2.2) was designed and fabricated for this ex-
periment. There was one gearless microen-
gine on the module for setup and calibration
purposes, but it was not run in the experi-
ment. The dice were packaged with taped
glass coversto prevent particle contamina-
tion during handling. The packages were
then stored in adry nitrogen environment
prior to testing. The covers were removed
during the test to expose the microengines to
the local environment. The SHIMMeR [ 64]
tester was used to provide electrical signals
to large numbers of packaged microengines
and to optically inspect them for functional-
ity.

A humid environment was achieved by
bubbling dry laboratory compressed air
through alarge bottle of deionized water.
The humid air that exited the bottle was then
piped into the environmental chamber su-
rounding the packaged parts. A humidity
sensor located inside the chamber controlled
the airflow to maintain humidity levelsto
within £1 % RH at 25°C. A Genera East-
ern humidity monitor (Model HY GRO M4)
using chilled mirror technology measured
the dew point. All dew point values were
converted to percent relative humidity at
25°C. We performed lifetime tests at six
humidity levels, 1.8%, 10%, 24%, 31%,
39%, and 68% RH at 25°C for the FTS
coated devices and two humidity levels,
1.8% and 31% RH at 25°C for the SCCO;
devices as shown in Table 3.10.1.
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Figure 3.10.1. Sandia microengine with expanded views of the comb drive (top right) and the rotating gear

(bottom left).

For each test, we operated the microengi-
nes with the same drive parameters at afre-
quency of 1720 Hz, dightly higher than the
resonant frequency of 1500 Hz. We have
found that operation near resonance causes
increased wear [7]. The microengines were
stressed with large drive forces to accelerate
the failure times. The stress intervals fol-
lowed roughly the same sequence for al the
experiments. The sequence was 2000, 4000,
8000, 16000, ..., rotation cycles of the drive
gear per stressinterval. If more than 4 parts
failed during a particular stress interval, we
stressed the microengines for the same num:
ber of cycles as the previous interva to
achieve better resolution in the number of
cyclesto failure. The devices were stressed
at high speed and then dowed to 1 Hz to in-
spect for functionality. A failure was defined
as the inability of the microengine drive gear
to make a complete revolution at the 1 Hz
inspection speed. During the inspection in-
terval, we noted any observed changes or
degradation in the motion of the gears for
our records.

Table3.10.1. Seriesof humidity experiments
performed.

Humidity Surface No. parts
(YRH@25°C) | Treatment | tested
1.8 FTS 28

1.8 FTS 30

10 FTS 44

24 FTS 29

31 FTS 29

39 FTS 22

68 FTS 31

1.8 SCCO;, 16

31 SCCO, 33

Data Analysis

Because the parts were observed at fixed
inspection times, common to all the parts,
the results fall into the category of reliability
datacalled “interval” data. Reliability
analysis of interval datatypically uses either
the Weibull or lognormal statistical distri-
butions to fit the data. Both distributions
work quite well. However, the choice of the
distribution should be based on the failure
mechanism the datais describing. The
Weibull is an extreme value or “weak link”
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distribution that applies when many small
defect sites compete with each other to be
the one that causes the earliest failure. The
lognormal distribution is based on a propor-
tional growth model, where at any instant in
time, the process undergoes a random in-
crease in degradation that is proportional to
its present state [65]. The multiplicative ef-
fect of al these random growth events build
up to failure. The microengine failures are
known to be due to an accumulation of wear
debris and hence, the lognormal distribution
represents the best choice based on the
physics of failure.

The first step in the data analysis was or-
dering the failure data from low to high val-
ues of total accumulated cycles. We then
plotted the accumulated cycles to failure
against the cumulative percent failure for
each humidity level. A linear regression of
the lognormal data resulted in an estimate of
ts0, the median cycles to failure. The esti-
mate for the lognormal shape parameter, s,
was also determined.

The data from each of the experiments
could be described by a simple unimodal
distribution such as seen in Figure 3.10.2.
The regression analysis yielded a median of
4 x 10° cycles to failure with a correlation
coefficient of 0.98. The shape parameter, s,
was determined to be 0.2. The above analy-
sis was completed for each experiment and a
value for the median and sigma of each dis-
tribution was calculated. We performed
nine experiments during which atotal of 262
parts failed. A larger number of experi-
ments were performed with the FTS process
simply because of their greater availability.

Table 3.10.2 has the results of lognormal
fitsto all of the humidity experiments. The
datais aso graphically represented in Figure
3.10.3 with 95% confidence bounds repre-
sented by error bars. The figure shows a
rather flat dependence on humidity for the
FTS-coated microengines with the exception
near 0%. The SCCO; data shows the failure
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Figure 3.10.2. Lognormal distribution of accu-
mulated cycles to failure for the 40% RH stress.
The early failure, with less than 10° cycles, was
omitted from the regression analysis.

Table 3.10.2. Results of median number of cycles
to failure from all humidity experiments performed.

Humidity Surface | Median and sigma
(%RH @ Treat-
25°C) ment

tso S
1.8 FTS 9.60E+05 | 0.107
1.8 FTS 1.07E+06 | 0.196
10 FTS 2.67E+05 | 0.3
24 FTS 3.51E+05 | 0.22
31 FTS 3.70E+05 | 0.39
39 FTS 4.00E+05 | 0.16
68 FTS 1.99E+05 | 0.11
1.8 SCCG, 1.40E+05 | 0.37
31 SCCO, 3.98E+04 | 0.69
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Figure 3.10.3. The effect of humidity on the life-
time of the microengines shows a rather flat distri-
bution with the exception near 0%. They error bars
represent 95% confidence bounds. The microengi-
nes were stressed with large forces to accelerate fail-
uresin these experiments.



roughly an order of magnitude earlier, indi-
cating a less reliable microengine.

The behavior of the microengines tested
at levels of 10% RH and above followed a
consistent pattern. Initially the microengi-
nes ran smoothly. With the accumulation of
cycles, the operation of the microengines
became sticky and jerky (stick-dip behav-
ior) at inspection frequencies. Some of the
microengines would actually work through
the sticky behavior and become smooth
again. Near the end of life, the rotation be-
came more erratic until the microengine
failed by sticking, rocking back and forth
through a small angle, or breaking apin
joint. We observed broken pin joints (con-
nects the linkage arm to the gear as shown in
Figure 3.10.1) in only 6% of the failures for
devices at levels of 10% RH and above.
There were no broken pin joints in the
SCCO, experiment at 31% RH.

The values shown in Figure 3.10.3 are
comparable to previous data used in the de-
velopment of a predictive reliability model
based on the fundamental principles of wear
coupled to a resonating system (see sections
3.3 and 3.4). Inthiswork, the stickiness of
the gear motion was attributed to the inter-
action of asperities on the rubbing surfaces.
Asperities could break off causing wear de-
bris or adhering particles which would result
in a seized gear.

A contributing factor to failure values of
less than 10° cycles lies in the design of the
microengines tested. It has been experi-
mentally determined that the Y comb drive
“linearly clamps’ during a portion of rota-
tion of the gear [66]. The clamping was due
to the force from the fringing fields at the
ends of the comb fingers that occur when the
combs are fully engaged. This effect in-
creased the force on the drive pin joint by an
unknown amount. In addition, in order to
accelerate failures the longitudinal drive
signal force was five times larger than the

minimum force needed to Ssmply run the
microengine.

The behavior of the microengines tested
at levels near 0% was quite different. In this
low humidity case, there was a dramatic in-
crease in the amount of wear debris, regard-
less of the coating method. We first noticed
the formation of wear debris after accumu-
lation of roughly 10° cycles. The debris was
typically thrown out from the hub and col-
lected on the gear face and surrounding suo-
strate. In general, the gear hubs were worn
down and the gears exhibited severe wobble
during operation. 1n 55% of the failures
(31% for SCCOy), the pin joint actually
wore down and was severed.

We suspect that the large wear rate re-
moves any asperities that would cause the
gear to seize in the same manner as the
higher humidity levels. Therefore, wear of
polysilicon would continue until the pin
joint is worn away, causing failure at a much
higher number of cycles. The increase in
median cycles to failure that was observed at
1.8% RH in Figure 3.10.3 resulted from this
change in failure mechanism even though
the wear was increased greatly.

Failure Analysis

Scanning Electron Microscopy (SEM)

FTS Treatment: The dominant failure
mechanism for these microengines has been
identified aswear. The mgor effects of the
wear process were either pin joint wear-out
causing the linkage arm to break away from
the gear or accumulation of wear debris
causing the microengine to seize. The
overwhelming effect of the humidity was
demonstrated by the amount of wear debris
observed. The volume of debris increased
dramatically as we lowered the humidity.
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In Figure 3.10.4, we show a comparison
of the gears of microengines stressed in air
environments of 39%, 24%, and 1.8% RH at
25°C. These microengines were stressed to
failure at 862,000, 746,000, and 742,000
accumulated cycles, respectively, yet the
microengine with the most accumulated cy-
cles has the least amount of wear debris. In
the 39% RH case, there is a small amount of
debris located around the hub. The 24% RH
case shows more noticeable wear debris
around the hub and on the linkage arm. The
debris in the 1.8% case includes large accu-
mulations near the gear teeth. Debris has
been thrown out and collected on the hub
face, at the tips of the gears, on the linkage
arm, in the etch-release holes, and onto the
substrate area outside of the gear face.
These images are characteristic of observa-
tions at different humidity levels.

Using afield emission SEM to further
magnify and characterize the wear debris,
we again noticed a difference between the
39% and the 1.8% RH case. Figure 3.10.5
shows a magnified view of the hub of a mi-
croengine that failed at 510,000 cycles at
39% RH. The box region has been magni-
fied further to illustrate the debris morphol-
ogy. Thewear debris appears to be 200 to
500 nm agglomerates which string together
with other agglomerates to form chains of 1
nmm or longer.

For comparison, we investigated the hub
of a microengine stressed to failure after
642,000 cyclesin 1.8% RH at 25°C. This
hub is shown in Figure 3.10.6. Thefirst
item to note (indicated by an arrow) is the
radial offset in the gear and hub due to the
large amount of wear between the hub and
the mating gear. The offset caused awobble
in the motion of the gear at the inspection
frequency of 1 Hz. Note also that the entire
hub is covered with particulate wear debris.
This is shown more fully in the lower image
of Figure 3.10.6, which is a higher magnifi-
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Figure 3.10.4. SEM images of various microengine
gears stressed under different humidity conditions
39%, 24%, and 1.8% RH at 25° C. The microengines
were stressed for roughly the same number of cycles,
but the amount of wear debris for each humidity was
dramatically different. (FTS)



cation of the box region. There are no
stringy agglomerates in the 1.8% RH case.

SCCO, Treatment: Just asinthe FTS
treatment, the dominant failure mechanism
was associated with wear. As shown in Fig-
ure 3.10.7, the amount of wear debris on the
face of the gear far exceeded that observed
in the FTS case at the humidity level of
1.8% RH. Thisenginefailed at 600,000 cy-
cles. The gap around the hub was an indica-
tion of severe wear.

Closer examination revealed particulate
wear debrisin spherical and rod-like ag-
glomerations. The 31% RH experiment had
very little wear debris, in part because of
fewer revolutions of 510,000 cycles. The
debris did not form stringy agglomerates as
in the FTS case. Figure 3.10.6. SEM magnified view of the inner

gear region on a microengine stressed to failure
after 642,000 cyclesat 1.8% RH. The wear debris

formed particul ate matter, each smaller than 100
nm. (FTS)
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Figure 3.10.7. SEM image of a microengine that

Figure 3.10.5. SEM magnified view of the hub re- failed at 600,000 cycles at 1.8% RH illustrates the

gion on amicroengine that failed at 510,000 accu- wear debris produced. The gap near the hub is an

mulated cycles during the 39% humidity test shows indication of severe wear. Note the morphology of

the morphology of the wear debris. (FTS) the wear debris in the lower magnified image.
(SCCO,)
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Focused lon Beam (FIB)

FTS Treatment: To investigate the effect
of wear, FIB cross sections were performed
on a sample from each humidity level.
Shown in Figure 3.10.8 are cross sections
taken from a control (top), 39% RH (mid-
dle), and 1.8% RH (bottom) samples. The
control sample was tested for functionality,
but was not stressed. Because debris is not
shown in the control sample we believe the
debris was caused by wear, not the FIB cut.
The 39% RH microengine was stressed to
failure at 606,000 cycles and the 1.8% RH
microengine was stressed to failure at
542,000 cycles. Inthe 39% RH case, we
observed mostly pin joint wear as shown
with the notched diameter. The wear of the
pin joint was accompanied by a reduction in
the pin joint opening, probably dueto a
buildup of debris. For the 1.8% RH experi-
ment the wear was observed in both the pin

joint and the hub. The pin joint diameter
eventually broke in the majority of samples
tested (32 times out of 50 samples) for the
1.8% case.

Using high resolution SEM, closer obser-
vation of the pin joint of the 10% RH micro-
engine stressed to failure at 510,000 cycles
reveals adhesion of the wearing surfaces
(Figure 3.10.9). Thiswas our first observa
tion of adhered surfaces, which yielded clear
evidence of the cause of failure. Asindi-
cated on the right hand side of Figure 3.10.9,
the adhered region is approximately 0.7 nm

long.

Transmission Electron Microscopy
(TEM)

TEM was employed to attain a better un-
derstanding of the morphology and compo-
sition of the wear debris and the gear wear
surface. Wear debris has been studied at
1.8% and 39% RH at 25°C, using a Phillips

faces
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Wear Debris

Figure3.10.8. SEM images of the control, the 39% RH sample and the 1.8% RH sample illustrate the amount
of wear debris created in each experiment. Arrows indicate the rubbing surfaces. In both stressed samples, the

pin joint has been worn down from its fabricated 3-nmm diameter. (FTS)
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Figure3.10.9. SEM magnified view of the pin joint
region in a FIB cross section shows the area where
the two surfaces adhered causing the microengine to
seize. This microengine was tested at 10% RH at
25°C. (FTS)

CM30 300keV TEM with an attached en-
ergy dispersive x-ray spectroscopy (EDS)
system. Plan-view samples were prepared
for analysis by using polyacetate film to re-
move the gear from the package. The un+
derlying gear surface thus revealed was then
coated with an amorphous carbon film.
These samples were transferred to a TEM
grid by removal of the polyacetate film with
acetone. The adhering gear and debris were
used for analysis.

Gears from two microengines tested to
failure at 1.8% RH were examined in plan-
view. These engines accumulated 642,000
and 742,000 cycles prior to failure. Asil-
lustrated in the SEM micrograph of Figure
3.10.4, large amounts of wear debris are
produced in this environment. The analysis
of wear debris found outside the gear, ad-
hering to the gear teeth, and inside etch re-
lease holes of both gears showed the debris
to be either spherical or rod-like in geome-
try. Figure 3.10.10 shows spherical particles
ranging from 100 nm to ~250 nm in diame-
ter. Also shown are rod-like debris particles
with diameters ranging from 20 to 50 nm
and lengths up to 0.5 mm. The morphology
of both the spherical and rod-like structures
was determined by tilting the wear debris
along its axis through angles of 50° to 60°.
These images (not shown) did not illustrate

500 nm

250 nm

500 im

Figure 3.10.10. Spherical and rod-like debris
morphologies from outside the gear (top), adher-
ing to the gear tooth (middle) and inside an etch
release hole (bottom). Note the region inside the
spherical debris. (FTS)

significant deviation from either the spheri-
cal or rod-like shapes.
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High resolution TEM did not indicate the
formation of boundaries in larger wear parti-
cles. However, the smaller particles may
have agglomerated to form the larger debris.

Identification of Wear Debris

Using TEM in conjunction with EDS, the
wear debris has been identified as amor-
phous oxidized silicon with either spherical
or rod-like morphologies. EDS spectrums
taken from wear debris found outside the
gear, adhering to the gear teeth, and inside
etch release holes revealed high concentra-
tions of carbon, oxygen and silicon. Dif-
fraction patterns (Figure 3.10.11) taken from
these locations showed broad ring-ike pat-
terns typical of amorphous materials. The
lack of diffraction spots or speckled rings
from these areas indicate no polysilicon was
worn directly away from the hub or pin joint
regions during testing.

Amor phous

Figure 3.10.11. Diffraction patterns illustrating the
amorphous structure of wear debris (left) compared
to a diffraction pattern of the polysilicon gear tooth

(right).

Polycrystalline

Figure 3.10.12 illustrates an EDS spec-
trum typical of debris analyzed from all
three regions. High concentrations of car-
bon result from the thin carbon film used for
sample preparation.

Although EDS indicated the elementa
constituents of the wear debris, we could not
distinguish the stoichiometry of oxidized
silicon using this technique. Missing from
the spectrum is any indication of fluorine
from the FTS coating. The coating was only
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a few nanometers thick implying that the
volume of FTS is quite small which would
make the peak from fluorine indiscernible.

Large divers of wear debris were ob-
served on some of the microengines tested at
1.8% RH. TEM anaysis of adiver from a
microengine stressed to 4,192,000 cycles
indicated that the debris was composed of
agglomerates of spherical and rod-like parti-
cles. These particles maintain their mor-
phology even with failure cycles five to ten
times greater than microengines in our pre-
vious analysis. EDS in conjunction with
diffraction analysis showed the presence of
oxidized silicon with no indication of poly-
silicon. Thedlivers of oxidized silicon were
thrown out of the hub region after severe
wear had occurred.
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Figure 3.10.12. EDS spectra of wear debris found
outside the gear. Note the strong presence of oxygen
and silicon.

Discussion

Our experiments have shown that wear of
the polysilicon surfaces contributed to the
failure of the microengines. Performing
these experiments in air with varying hu-
midity introduced effects that will be dis-
cussed below. Chemical interactions as a
result of rubbing are referred to as tribo-
chemistry and tribochemical reactions influ-
ence friction coefficients as well as wear
mechanisms and wear rates [67].



We have divided the discussion into the
pertinent issues of comparison of the surface
treatment methods, quantifying the volume
of wear, and discussing the wear debris.

SCCO2vs. FTS

The reliability data indicated that the
SCCQO;, drying-process produced microengi-
nes, which were less reliable because of
early failure times at both high and low hu-
midity levels. The difference could be due
to differences in coefficient of friction
(COF) between the two treatments. Early
work by Gabriel [56] using air-dried tu-
bines measured the dynamic COF between
polysilicon and silicon near 0.3. Work by
Srinivasan et a. [ 68] suggests that nanome-
ter thick surface treatments can act asa
boundary Iubricant and reduce the dynamic
COF between FT S-coated polysilicon sur-
facesto 0.08. The normal forcein Sriniva-
san’s experiments was roughly 5 mN and
total number of cycleswasin the 10° to 10°
range, which is applicable to what the mi-
croengines experience.

Quantifying Wear

To estimate the volume of wear materia
one can either measure the volume of the
wear debris or measure the missing volume
in the worn device. We chose the latter and
used the FIB cross sections (Figure 3.10.8)
from FTS-coated devices to estimate the
volume worn for the humidity levels of
1.8%, 10%, 24%, and 39% RH at 25°C.

The locations exhibiting the most wear
were the hub and pin joint areas so we made
our estimates there. Measurements of the
diameter of worn hubs, gears, and pin joints
were made. The cross sectional area was
calculated and compared to the control to
yield avalue for worn area. This value was
then multiplied by the thickness to yield the
volume of the material worn away. The
technique assumes that the wear is symmet-
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Figure 3.10.13. This plot of wear rate of FTS-
coated microengines as a function of humidity
shows the increase in wear rate as humidity -
creases. (FTS)

rical around the hub and pin joint, which we
know, isimproper. Therefore, we estimated
the error in the technique as £ 20% of the
calculated worn area. The wear volume was
normalized by the total number of cyclesto
failure to yield wear rate which is shown in
Figure 3.10.13 as afunction of percent rela-
tive humidity at 25°C.

The wear rate shown in Figure 3.10.13
agrees with studies of a SIC/SIC system [69]
where the decrease in wear rate has been
attributed to a tribochemical reaction leading
to the formation of a protective film of hy-
drated amorphous silica. Gee et al. investi-
gated silicon nitride dliding on silicon nitride
[70] and the main mechanism of wear was
the tribochemical oxidation of the silicon
nitride to form silicon oxide. The wear rate
increased in drier conditions in the silicon
nitride case also.

For the case of polysilicon dliding on
polysilicon, Mizuharaand Hsu [71] re-
ported the formation of surface hydroxides
which may protect the surface from addi-
tional wear at high humidity. In this case,
the mechanical wear produced dangling sili-
con bonds. Water reacted with this surface
to form Si-OH and Si-H. Zanoriaet . [72]
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also reported that the rubbing-enhanced re-
action of Si with weter vapor generated Si-
OH groups. The mechanism of S ® SIOH
® SO, ® hydrated SO provided a lubri-
cating film to protect the surface [73].

We believe that the humidity promotes
hydration of the silicon surface, which pro-
vides lubrication for our rubbing surfaces.

Wear Debris Formation

Wear debris typically forms when asperi-
ties from the diding surfaces contact and
break [74]. The localized temperature at the
asperity (flash temperature) was expected to
elevate. Whether that temperature was high
enough to accelerate oxide growth is uncer-
tain. Because of the large presence of oxi-
dized silicon and the absence of crystalline
polysilicon in the debris, we conclude that
rubbing and reaction with the environment
already oxidized the material removed by
wear. The broken oxidized silicon asperities
could then agglomerate into larger pieces
throughout the cycling of the gear, forming
spherical and rod-like debris. The formation
of cylindrical diding wear debris on silicon
in humid conditions and elevated tempera-
tures in macro-scale wear experiments has
been observed [23].

The wear debris from higher humidity
tests formed an elongated stringy agglom-
eration. The lower humidity experiments
produced wear debris that was more par-
ticulate.

Conclusions

We have shown that the amount of wear
debris generated in diding micromachined
polysilicon surfaces is a function of the hu-
midity in an air environment. As the hu-
midity decreases, the volume of wear debris
generated increases. For the higher humid-
ity levels, the formation of surface hydrox-
ides may act as a lubricant resulting in lower
amounts of wear debris. At lower levels of
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humidity, 1.8% and 10% RH, formation of
hydroxides is reduced, resulting in large
amounts of wear debris.

The dominant failure mechanism has
been identified as wear. The major effects
of the wear process were that either the pin
joint wore out causing the linkage arm to
break free of the gear or the accumulation of
wear debris caused mechanical interference
which seized the microengine. The wear de-
bris has been identified as amorphous oxi-
dized silicon, both in small and large ag-
glomerates. No polysilicon was observed in
any portion of the wear debris.

The FTS treatment process produced mi-
croengines that were more reliable than mi-
croengines with the SCCO, treatment, which
can be attributed to the FTS film acting asa
[ubricant.
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3.11 Storage life

In order to determine the reliability of
dormant microengines, we started a set of
experiments that investigated microengine
functionality after storage for a period of
time. We' ve seen an encouraging increase
in lifetime by using a different die attach in
packaging that does not outgas as much as
the previous attach.

In experiments to determine the mini-
mum force required to move a stuck micro-
engine, we have observed that the required
force was reduced with weekly operation of
the microengines. Over time, the required
force approached a minimum value, and
then remained constant.

Experiments

Storage and functionality

We selected microengines from lot
TP122 module 8 (section 2.2) which con-
sists of three microengines and one gearless
microengine. The microengines were
screened for functionality at a speed of 1 Hz.

In October of 1997, we verified function-
ality of 14 microengines and then stored
them in a dry-nitrogen environment. Every
week the microengines were removed from
the environment, tested under ambient |abo-
ratory conditions (30-40%RH), and returned
to the environment.

In June of 1998, we started another test
with TP122 microengines, however, these
were packaged using a different die attach.
Eighteen microengines were stored in the
0% RH nitrogen environment and seventeen
were stored in a 60% RH nitrogen environ-
ment.

In September of 1999, we started yet an+
other four more tests with TP122 microen-
gines using the newer die attach. To inves
tigate whether weekly stimulation might free
up a stuck device, longer-term tests were
started. These tests would check function-
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aity only once a month, once every three
months, once every six months, and once
every yedr.

Minimum force

The purpose of the experiment was to
determine the minimum force required to
actuate freshly released microengines. A
small force was used first and the force was
gradually increased until the drive gear ro-
tated fully. The microengines were never
exposed to forces greater than the required
minimum for actuation. The hope was to
see a relationship between the minimum
actuation force and storage time. Our suspi-
cion was that the actuation force would in-
crease with storage time if a degradation
phenomenon was occurring. With thisin-
formation, we would be able to predict the
storage life of the devices from initial meas-
urements.

Five microengines from lot TP122 mod-
ule 8 were stored in a dry-nitrogen environ-
ment (less than 0.4% RH, the minimum of
our chilled-mirror system) and 4 were stored
in a 60% RH nitrogen environment.

Drive signal parameters

In order to measure the minimum actua-
tion voltage, changes to the rotation equa-
tions were necessary. The typical drive sig-
nal equations were originally developed by
Miller et al. [ 75] and are also detailed in
section 1.7 of this report.

We wanted to calculate the forces that an
engine would see while it was stuck. We
did this by first neglecting all dynamic terms
for this static case. The ratio of the dynamic
terms to the static terms at low frequencies
was 10 to 10°°, which is negligible. With
this modification, the static drive equations
become:
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An agorithm was created to solve the
equation for al the voltage pair combina-
tions and record the highest force obtained
for each angle increment. Several methods
were used to calculate the forces to check
for accuracy. Thereis not currently agood
method for measuring force in the M\ range,
which constrains us to calculate the forces
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based on assumptions of the engine’s ge-
ometry and friction.

A new software program, Micro Step
Driver, was written that uses the static equa-
tions to operate the engines, and can be in-
dexed through the rotation of the drive gear
like a stepper motor. Thisis useful in
studying the nuances of the engine's rota-
tion. By stepping the microengine, we have
good control of gear location and applied
drive voltages. If an engine was sticking at
acertain angle, it could be indexed around,
then given a higher force vaue at that angle
until the engine breaks free. By using this
method, we can begin to quantify the
amount of force required to free the stuck
engine. We were limited to the maximum
voltages generated by the amplifier boards.

Figure 3.11.1 is a screen shot of the front
panel for Micro Step Driver. Using this
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Figure 3.11.1. This screen shot of the Micro Step Driver shows all the adjustable parameters and the waveform

control options.
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program, it is possible to single step, run
continuous, alter parameters, jump immedi-
ately to a given angle of rotation, and view
the waveforms. This program was designed
for the static or quasi-static regime by re-
glecting dynamic effects. It should not be
used at frequencies above 5 Hz.

Results

Storage life functionality

The results from al of the experiments
can be presented in one graph shown as Fig-
ure 3.11.2. The longest running experiment
has lost the majority of microengines. Itis
specified as ‘old’ in the graph to signify the
use of the older die attach material. The
median time to failure is 400 days (1.1 year),
which is not acceptable for most applica
tions.
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Figure3.11.2. Thefailuretime plot shows the me-
dian failure time of the old die attach to be 400 days.
Also shown on the plot are the single failures of the
new die attach at low and high humidity.

There has only been one failure in both
‘new’ die-attach cases of low and high hu-
midity. There is no way to accurately pre-
dict atime to failure for the new die-attach
cases. However, aworst case can be pre-
dicted if we assume that these first failures
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are the beginning of the distribution and as-
sume a value for the shape parameter, s.
Both of these assumptions have faults. If
the first failure of the new die-attach cases
were outside the main distribution (early de-
fect) asin the old die-attach case, then the
prediction would be lower than the actual
value. In previous experimentation with the
microengine, we have observed wear as our
failure mechanism and shape parameters
ranging from 0.3 to 0.4. The shape pa-
rameter may be different for the failure
mechanism associated with adhesion in
dormant microengines. The following table
shows the predictions of median lifetime
using the range of shape parameters from
wear failures.

Table 3.11.1. These predictions of me-

dian timeto failure were calculated using
assumed shape parameters.

s tso (Yr) tso (Yr)
(0%RH) | (60%RH)

03 |41 1.3

04 | 6.2 4.7

From the predictions in the table, it go-
pears that the dry storage is better than wet
storage. We may also see four to six times
improvements in median lifetime using the
new die attach. However, these predictions
are highly suspect until much more data is
available.

In the monthly testing of microengines,
there have been no failures after the first
three months. Based on the weekly test with
the newer die attach, we would not expect a
failure before several hundred days unless
the failure mechanism is different.

Minimum force

After eight weeks of the minimum actue-
tion force test, we can see the initial results
and trends. The data from both 60% RH
(WET) and 0% RH (DRY) are shownin
Figures 3.11.3 and 3.11.4. In the graphs,
minimum actuation voltage was plotted for
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Figure 3.11.3. The actuation voltage needed to just
barely move the microengine through a full rotation
is plotted against the weekly intervals. These m-
croengines were stored in awet nitrogen environ-
ment.

each weekly inspection. In this case, the

engines were characterized with force values

F =F =0, and kr/awas varied to achieve
different voltages. This method used only

one parameter (kr/a) to change the amplitude

of the drive signadls. The parameter was in-
creased in steps until the microengine ro-
tated freely and that value was plotted. The
force is proportional to this minimum actua-
tion voltage squared, but we were unable to
calculate the magnitude due to unknown
frictional forces and angle uncertainties.
(Note: Thisis not standard operation where
kr/ais a constant. For standard operation in
our storage life tests, wetypicaly set F, =0
and F/kr =0.3.)

In both cases, we see some engines that
require higher voltages initially, and then
fal in line with the others with time. We
also see engines that oscillate from a high
value to alow from week to week. The ac-
tuator voltage increments were 100 V2 im-
plying that these oscillations were signifi-
cant. There were microengines that showed
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Figure3.11.4. The actuation voltage needed to just
barely move the microengine through a full rotation
is plotted against the weekly intervals. These mi-
croengines were stored in adry nitrogen environ-
ment.

intermittent operation (3617-1 and 3617-3,
note the missing data points and connecting
linesin the figure). They would work per-
fectly one week, then rock the next week,
and then work the following week.

The results from the minimum force ver-
sus time experiment were contrary to the
assumptions of how these microengines fail
during storage. It was assumed that surface
forces would cause the rubbing surfaces of
the drive gear to stick. Thistype of effect
has been seen on afew microengines that
have not been run for some time. However,
it was thought that the stiction force would
grow in magnitude over time and the mini-
mum required force for actuation would in-
crease.

Current results after eight weeks of test-
ing indicate that the actuation forces have
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leveled off over time from initialy high val-
ues. Thislooks like the “break in” phe-
nomenon that we frequently see in macro-
systems, for example an automobile engine.

Conclusions

There is still much more to be done in
determining the reliability of dormant mi-
croengines. We have made a start, by
showing that the die attach used in packag-
ing has an effect. The new die attach case
has a highly speculative “worst case” me-
dian time of failure of 4.1 yearswhichisan
encouraging improvement over 1.1 years.
The wet storage may be worse than the dry
storage. More failures must be observed
over time before we can make valid predic-
tions.

The true advances in the dormancy issue
will come with an understanding of the
physics of failure. Once the mechanism is
identified then we can determine a method
to accelerate the failure. Thisisthe one case
where an acceleration parameter is crucial,
for we do not have the time to perform ex-
periments for many years to verify dormant
functionality.

[75] S. L. Miller, J. J. Sniegowski, G.
LaVigne, and P. J. McWhorter, “Friction
in Surface Micromachined Microengi-
nes’, Proc. SPIE Smart Electronics and
MEMS, Vol. 2722, p. 197-204( Feb.
1996).
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3.12 Friction device and
environments

To quantify friction in micromachine
contacts and examine debris generation as a
function of environment, afriction structure
was operated in dry and humid environ-
ments. This structure brings sidewall sur-
faces into contact in pure diding, and is de-
signed to alow both of the contacting sur-
faces to be examined after testing. Tests
were performed in dry and humid air, and
nitrogen. The friction coefficient was
dightly higher in dry environments than
humid environments, but debris generation
was very different in dry versus wet condi-
tions. Devices that were run at 40% relative
humidity generated large amounts of debris
in 5x10° cycles, while those run in dry con-
ditions exhibited very low debris generation.

Thisresult is a contradiction of what was
observed in section 3.10 with experiments
on the microengine. It is possible that three-
body wear effects caused by trapped debris
in the microengine contributed to the large
volume of debris. Additionally, the wear
rate is influenced by contact pressure and
the local contact pressure of the friction de-
vice was much higher than the microengine.

Introduction

Major progress has been made with this
project in examination of SMM device fail-
ure mechanisms. Tests of the Sandia micro-
engine have suggested design modifications
to improve the durability of devices, and ex-
plored effects of various environments on
device performance. One areathat is diffi-
cult to explore with complex devices such as
the Sandia microengine is friction forces at
contact surfaces. Dynamic analysis of the
microengine can yield information on the
overall friction forces, but the presence of
many moving interfaces and the complex
geometry of surfaces makes detailed knowl-

edge of the contact conditions at a specific
interface impossible. The sidewall friction
structure was designed to permit quantitative
measurement of friction forces and to sim-
plify the contact geometry so that observa-
tions could be associated with a known
contact pressure in an isolated region of the
surface. This device can be used to examine
the performance of surface treatments, ef-
fects of environment, contact pressure, inter-
facia velocity, etc. The main limitation of
the experimental system is that quantifica-
tion of friction requires alarge amount of
image acquisition and processing, and can
not yet be performed in parallel for multiple
devices. For the purpose of the present
work, we ran several friction devicesin dry
and humid air, as well as dry and humid ni-
trogen. Image data was acquired for friction
measurement, and the contact surfaces were
examined with SEM to compare debris
evolution characteristics in the different en-
vironments.

Experiment Description
Sidewall Friction Device

A portion of the mask set used to create
the sidewall friction device is shown in Fig-
ure 3.12.1. The device consists of two or-

[ L

Figure3.12.1. The sidewall friction device consists
of two comb actuators (labeled N and T) connected
to amovable beam.
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thogonal electrostatic comb actuators con-
nected to a movable beam. The beamis
constructed of polysilicon layer 2, and is
suspended above the substrate by the folded
Spring suspensions on the comb actuators.
A post is formed by etching through sacrifi-
cia oxide layers 1 and 2 so that a polysili-
con layer 3 deposition forms a structure
which is anchored to the substrate and has a
cylindrical geometry facing the beam. A
SEM picture of the beam and post in their
rest positions is shown in Figure 3.12.2.
The device is actuated by using a DC volt-
age on the ‘N’ comb to bring the beam into
contact with the post, and then applying a
waveform to the ‘T’ comb to slide the beam
againgt the post.

Figure3.12.2. SEM picture of the beam and post

in the sidewall friction device. Thebeamis2 mm
wide and the radius of curvature of the cylindrical
face of the post is 2 nm.

Obtaining Displacement Data

The ssimplest waveform used to oscillate
the beam against the post is a square wave,
and this waveform was used in the experi-
ments described here. Using a square wave,
we are interested in the maximum amplitude
of the beam motion for a given voltage
(force) applied to the*T' comb. Thetime
sequence of signalsto the deviceisillus-
trated schematically in Figure 3.12.3. The
signal to the ‘N’ comb is a constant DC
voltage in this experiment, as shown by the
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“load” signal in the figure. The square wave
tothe'T’ comb isalso shown. To obtain
displacement, a strobe light is fired before
the voltage change (as indicated in Figure
3.12.3), and an image is captured of the po-
sition of the beam at thispoint in time. This
process is repeated for several successive
cycles. Immediately following image cap-
ture at this phase, the strobe is flashed and
images captured at a position 180 degrees
out of phase with the first measurement, for
the same number of measurements. A sam-
ple of the images captured with the optical
microscope, strobe, CCD camera and frame
grabber is shown in Figure 3.12.4. Theim-

strobe

waveform

t

load

Figure 3.12.3. Schematic representation of the
relationship between various signals applied to the
sidewall deviceto obtain displacement versustime
while sliding.

18131 EY
RN R RS

Wl b T
Figure 3.12.4. Optical microscope image of the
post area of the sidewall device, acquired by
flashing a strobe and storing aframe of image data.




ages acquired during an experiment are
stored to afolder along with an index file,
which contains the elapsed time and file
name for each image file that was acquired.
The contents of this folder are then proc-
essed using a macro in an image-processing
program (Optimas version 6.2, by Media
Cybernetics). The macro locates the post
and the dot at the end of the beam for each
image, and calculates the relative X and Y
position coordinates of each. A new text file
is created by the macro, which contains the
time, image file name, and position of the
dot relative to the post for each image. This
displacement as a function of time informa-
tion is reduced further to yield forces as a
function of time.

Converting Displacement to Force

Equilibrating the force exerted by an
electrostatic comb drive and the force re-
quired to bend the comb spring suspensions
and the cantilever beam yields

F - %\/ 2 =k, +k, )d (3.12.2)
where n is the number of fingers, g isthe
dielectric constant, h is the height of the fin-
gers, g is the gap between fingers, V isthe
relative voltage between the opposing teeth
of the comb, k. is the stiffness of the comb
suspension springs, Kp is the stiffness of the
beam in bending, and d is the displacement
of the comb from its rest position. Equation
(3.12.1) indicates that a plot of comb dis-
placement versus the square of applied volt-
age should yield aline of slope equal to

he,h -2 _p

3.12.2
g(kc + kb) (kc + kb) ( )

The calibration process prior to performing
friction measurements consists of measuring
the slope of displacement versus voltage for
each comb actuator, and the displacement

amplitude in the absence of contact between
the beam and the post, do. Therefore, the
comb force may be expressed as

F. =Vv2(k +k,)D (3.12.3)
If we now use the notation k' to refer to the
stiffness of the comb springs for the ‘T’ ac-
tuator, D' the slope of displacement versus
voltage squared for the ‘' T’ actuator, and so
on, the normal force exerted by the ‘N’
comb may be expressed as

Fo = (Pl + kD! (3124)
A force balance on the device when the
beam is in contact with the post, compared
to aforce balance in the absence of contact,
gives the friction drag force fy

£, = (K +k")(d,- d) (3.12.5)
The reaction force between the beam and the
post, in response to the force exerted by the
‘N’ comb, is smply

F.=F, |I_ (3.12.6)

where | is the length of the beam at the end
of the ‘T’ comb, and |; is the distance be-
tween the beam base and the point where the
post makes contact. The friction coefficient
mis then fy4/Fg, or

fo LK +k'Jd- o)

Fo ik +k VYD

m=

(3.12.7)

In this expression, all parameters are meas-
ured in the experiment except the dimen-
sions associated with the stiffness terms (ky,
and k) and the length associated with where
the beam contacts the post (l1). From beam
theory, stiffness k=3EI/® where moment of
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inertial=bh*/12. In the latter relationship, b
is the thickness of the polysilicon film that
makes up the beam element, and h is the
width of the beam element in the plane of
the film and paralél to the direction in
which it is deflected. The main sources of
error in friction coefficient are therefore de-
termination of these beam dimensions, par-
ticularly h which is cubed in the expression
for the moment of the beam.

Environmental Testing Conditions

Friction structures were coated with per-
fluorodecyltrichlorosilane (PFTS) and pack-
aged according to procedures described
elsewhere in this report for Sandia microen-
gines. Packaged parts were tested in the
single package environmental cell described
in section 1.5. Ambient atmospheric pres-
sure was 12.5 psia, and ambient temperature
was 25°C. Dry air or nitrogen was supplied
to amanifold at 10 psig, and flow meters
controlled the flow of this supply gasto a
desiccant column or a deionized water col-
umn. Gas exiting from these columns was
mixed to generate the desired water vapor
concentration.

Experiments were performed on friction
devicesrunin dry air, dry nitrogen, humid
air, and humid nitrogen. The dry environ-
ments contained 1 % relative humidity (370
ppmv) or less, and the wet environments
contained 40 % relative humidity (15,000

Table3.12.1. Environmental test condi-
tionsfor friction device

Device Environment
2988-2 dry air
2993-2 dry air
2984-2 dry nitrogen
3013-1 dry nitrogen
2988-1 40% RH air
3010-1 40% RH air
3010-2 40% RH air
3013-2 40% RH nitrogen
3015-1 40% RH nitrogen
3015-2 40% RH nitrogen

152

ppmv). Contact force was typically 20 mN,
which is near the low end of the range of
forces that can be accurately measured with
the present device geometry. Devices were
run at 100 Hz for approximately 5x10° total
accumulated cycles. The dliding distance
was typically 30-40 nm per cycle (twice the
track length of 15-20 nm). Table3.12.1
contains the device numbers used for these
experiments, and the environments in which
they wererun. The suffix after the serial
number indicates which of the four devices
on the module were used for the test.

Results and Discussion
Friction Coefficient

A sample displacement versus time plot
for adevicerunindry air is shown in Figure
3.12.5. The figure shows the relative posi-
tion of the “dot” on the beam as a function
of time during the test. Larger displacement
amplitude corresponds to smaller friction
coefficient, and a small run-in portion can be
seen at the beginning of the test where the
friction coefficient gradually increases up to
1x10° cycles, resulting in smaller displace-
ment amplitude. The friction coefficient
calculated at the end of the test, where dis-
placement remains constant, is 0.06 in this

[ —n
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Position, mm
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Figure 3.12.5. This graph shows the relative posi-
tion of the beam as a function of cycles or time
during the test.



environment. Thisisin good agreement
with Srinivasan et. al. [ 76], where afriction
coefficient of 0.08 was measured between
PFT S-treated planar surfacesin air. Fric-
tional behavior in humid air and humid ni-
trogen was similar (m-0.02 near the end of
the 5x10° cycle test), although the displace-
ment did not remain uniform over the course
of thetest. In humid environments, devices
would begin to stick at approximately 10°
cycles. The device could usually be made to
continue operating by briefly removing and
reapplying the normal load, but would begin
to stick again shortly after reapplying the
load. Accumulation of material could be
observed by optical microscopy in the con-
tact region of the beam in humid environ-
ments, at the ends of the contact area. No
such accumulation was observed for tests
run in dry conditions. This contradiction
with the experiments in section 3.10 is ad-
dressed in the discussion of wear behavior.

Wear Behavior

Scanning electron microscope examina-
tion of the worn surfaces from devices tested
indry air revealed very little damage or de-
bris accumulation. The contact region of the
beam from atest in dry air is shown in Fig-
ure 3.12.6. A small amount of debris accu-
mulation can be seen on the top of the beam,

Figure 3.12.6. Worn surface of abeam from a
devicetestedindry air.

but very little damage has occurred to the
beam surface. In contrast, the worn surface
of abeam from atest in humid air is shown
in Figure 3.12.7. Thisfigure shows alarge
amount of wear debris generation, so much
so that thinning of the beam can be seenin
theimage. The differences in wear behavior
can be rationalized in terms of the known
effect of water on the tribology of silicon
ceramics. Adsorbed water can react with the
surface of silicon ceramics to form a low-
shear hydrated oxide layer. This layer has
lower shear strength than the bulk ceramic,
and acts to reduce the friction coefficient in
environments containing water vapor. Since
the layer has lower shear strength, higher
wear rate is typically observed in environ-
ments where water vapor is present.

There are two issues that remain to be re-
solved as aresult of thiswork. First, the
mechanism described above would be pres-
ent on unlubricated silicon surfaces. It is not
yet known how the PFTS film influences
this process, and what the degradation
mechanisms of the coating are. Second, the
results described for the friction structure are
exactly opposite to those observed with a
large number of Sandia microengines tested
as part of this project (section 3.10). One
likely explanation for the differences is that
alow shear layer formed on microengine
surfaces would be constrained to a large ex-

AMRAY  :opee

Figure 3.12.7. Worn surface of abeam from a
device tested in 40% relative humidity air.
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tent to remain between the dliding surfaces,
due simply to the geometry of the device
and location of contacting surfaces. In con
trast, the friction device has a more “open”
geometry that alows any debris generated to
escape easily from the contact zone. This
third body trapping phenomenon has been
observed in macroscopic systems, where
geometries that trap lubricious debris exhibit
lower friction and wear compared with de-
signsthat allow debris to escape. Another
possible explanation is that the local contact
pressures at contact points are much higher
in the friction device than the microengine,
and at this pressure the low shear film can-
not sustain the applied load and is removed
rapidly by wear. This argument is consistent
with the fact that the surfaces in contact in
the friction device have roughly an order of
magnitude larger RM S roughness than pla-
nar surfaces (30 nm versus about 3 nm), and
at least some of the load is born by the
smoother surfaces in the microengine. A
more thorough discussion of the discrepancy
will be published [77].

Conclusions

The sidewall friction device permits
guantification of friction coefficient between
sidewall surfaces in a surface micromachi-
ned device. Friction measurements on
PFTS-treated structures are in agreement
with those reported for a micromachined
friction device having contact between pla-
nar surfaces. Wear surfaces from testsin
dry and 40 % relative humidity air and ni-
trogen suggest that low friction and high
wear rate are associated with environments
containing water vapor. Slightly higher
friction, but lower wear rate is exhibited in
dry conditions. These observations can be
explained in terms of the role of water vapor
in the friction and wear of silicon ceramics,
but are opposite to the observed effect of
water vapor on debris generation in the San-
dia microengine (see reference 77 for more
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discussion of the discreapancy). Itisclear
that contact pressure and the ability of
structures to retain third bodies (wear debris)
is critical to the performance of structuresin
various environments. These effects will be
the subjects of additional research with the
friction device.

[76] U. Srinivasan, J.D. Foster, U. Habib,
R.T. Howe, and R. Maboudian, D.C.
Senft and M.T. Dugger, Transducer Re-
search Foundation, Inc., June 7-12 1998,
Hilton Head, SC.

[77] M. T. Dugger, G. A. Poulter, and J. A.
Ohlhausen, “ Surface passivation for re-
duced friction and wear in surface-
micromachined devices,” Proceedings
for the Fall MRS Symposium, Boston,
MA, Dec. 1999, to be published.



3.13. Non-clamping
actuator lifetime

Running the non-clamping actuator sig-
nificantly below resonance (500 Hz) im-
proved the lifetime of the microengine. The
median time to failure was 3 x 10° for the
majority of devices. Thisisafour order of
magnitude improvement from the old
clamping style run at 860 Hz. Running near
or above resonance reduces the lifetime sig-
nificantly, possibly because the drive signals
do not take the dynamics of a microengine
with finite tolerances into account properly.

Experiments

As discussed in section 2.3, guide dim-
ples on the new actuator limited the lifetime
of the microengines. A newer version with-
out the dimples was fabricated (see section
2.4) and used in these experiments.

1720 Hz with guides

We stressed 19 microengines from wafer
3, module 3 from lot TP16501A at afre-
guency of 1720 Hz. The technique de-
scribed in section 1.7 was implemented to
determine the normalized spring constant
and resonant frequency from a small sample
of 3 microengines. The value for kr/awas
1530. The resonant frequency was 6911 ra-
dians/sec (1100 Hz). A small longitudinal
force of 0.3 was used for F/kr.

Our observation was that these microen-
gines were quite jerky, and the shuttles
seemed to be binding excessively.

1720 Hz without guides

We stressed 33 microengines from wafer
3, module 3 from lot TP16501A at afre-
guency of 1720 Hz. The value for kr/awas
1530. The resonant frequency was 6911 ra-
diang/sec (1100 Hz). A small longitudinal
force of 0.3 was used for F/kr.

500 Hz without guides

We stressed 21 microengines from wafer
11, module 4 from lot TP15701A at afre-
guency of 500 Hz. Thisisan identica mod-
ule to the one used in the first two experi-
ments. However, in this case a gearless mi-
croengine without guides was used to de-
termine the normalized spring constant and
resonant frequency from a large sample of
28 microengines. The value for kr/awas
1125. The resonant frequency was 8168 ra-
dians/sec (1300 Hz). We believe that with-
out the guides the frictional forces were re-
duced, thus yielding a different value for
kr/a and resonant frequency. A small lon-
gitudinal force of 0.3 was used for F/kr.

Results

1720 Hz with guides

Our expectation was that this non-
clamping actuator would be much more reli-
able than the early design. However, as seen
in Figure 3.13.1, the time to failure was
worse than we typically observed. Notice
the bimodal distribution signifying two
populations. The line through the data
pointsis our fit to the bimodal distribution.
The data must be deconvoluted to analyze it
properly. The straight lines in the figure
represent the two populations. The lower
population has a median time to failure, tso,
of 5.4 x 10* with a shape parameter, s, of
0.2. The upper population has t5p equal to
3.4 x10° with s equa to0 0.1.

As noted earlier, we observed binding in
the guides of these actuators. We suspect
that the lower population failed due to guide
problems and the upper population was per-
haps a different failure mode due to the dif-
ferenceins. Failure analysis has not been
completed.

The guide problem prompted us to per-
form an identical experiment without the
guides to determine the effect of the guides.
The guides were broken off of a sample of
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Figure3.13.1. The datafrom the 1720 Hz expeti-
ment with guides was bimodal representing two
populations. The median timeto failure for each
population is shown on the graph.

microengines by a probe tip and the next
experiment was attempted.

1720 Hz without guides

As seen in Figure 3.13.2, the bimodal
distribution vanished, but the time to failure
was not substantially improved. The fit to
the distribution has atime to failure, tso, of
3.0 x 10° with a shape parameter, s, of 0.3.
There were three microengines that didn’t
fail even after atotal of over two billion ac-
cumulated cycles.

As seen throughout this report, we peri-
odically observe some extremely long-lived
microengines. We suspect that the drive
signal parameters are well suited for these,
which yields long life. A larger sample size
typically yields more long-lived devices.

At this point we started investigating the
drive signal parametersin greater detail. We
found that at higher frequencies, the circular
motion of the linkage arms was degraded as
shown in Figure 3.6.11. This prompted us
to experiment with lower frequencies.
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Figure 3.13.2. Most of the datafrom the 1720 Hz
experiment without guides is shown with the me-
dian timeto failure. However, three microengines
continued to run until the experiment was halted.
They had over two billion operational cycles.
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Figure3.13.3. Thefirst eleven failuresfrom the 500
Hz experiment without guides show abimodal dis-
tribution. The important aspect hereis that the ma-
jority of microenginesfall in the upper long-lived
population.

500 Hz without guides

The datain Figure 3.13.3 shows clearly
that frequency makes a substantial differ-
ence. We once again observe a bimodal



distribution, however, this time the mgority
of microengines have run above abillion
cycles. Ten microengines were still running
at the time of publication.

The data must be deconvolved in the
same manner to predict median time to fail-
ures for both populations. For the long-lived
distribution, tso was determined to be 3.0 x
10° cycleswith s equal to 0.4. The lower
‘defect’ population has tso equal to 9.4 x 10*
cycleswith s equal to 0.6.

Conclusions

Running the new actuator significantly
below resonance (500 Hz) greatly improved
the lifetime of the microengine. The median
time to failure was afour order of magni-
tude improvement from the old clamping
style run at 860 Hz.

Running the microengine at high fre-
guency affected the lifetime. It was found
that guides, a source of friction, decreased
thelifetime also. We believe that running
near or above resonance reduced the lifetime
significantly because the drive signals do not
take the dynamics of the microengine with
finite tolerances into account properly.
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Chapter 4. Summary

4.1 Failure modes and mechanisms discovered
4.2 Reliability design rules
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4.1 Failure modes and
mechanisms discovered

We have observed failure in both operating
and non-operating cases. Certain failure
modes are catastrophic and have been readily
pinpointed. Others are more elusive such as
the existence of intermittence in microengi-
nes, particularly those that are stored in be-
nign environments.

Although most of our experiments were
performed with microengines, we believe that
these failure modes can be generalized to any
MEMS device with rubbing surfaces or sur-
faces in close contact.

Operating
Wear

By far the mgjor failure mechanism that
we have observed in operating microengines
iswear. The polysilicon rubbing surfacesin
the pin joint and hub region of the microen-
gine are most susceptible to wear. Thesere-
gions are quite constrained with gaps of 0.5
microns or less. Once the wear debris s pro-
duced, it cannot escape the region and then
participates in three-body wear.

Surprisingly, humidity helps to mitigate
this effect by acting as a lubricant (see section
3.10and [78]). Asthe humidity decreases,
the amount of wear debris produced increases.
The optimum region to operate a microengine
for low wear was between 30 to 60 %RH at
25° C.

However, there are contradictory results as
to the effect of humidity. Using the friction
device, which allows escape of the debris and
runs with a different contact pressure, thereis
less debris at low humidity.

Adhesion

Rubbing surfaces wear and typically fail
by adhesion. The device no longer operates
asit was designed to. In the case of the mi-

croengine, faillure is defined as the inability to
make a complete revolution. Some of the
signs of adhesion are sticking, rocking, or
seizing of microengines. Each of these will
be addressed.

The behavior of the microengines as they
were stressed followed a consistent pattern.
Initially the microengines ran smoothly. With
the accumulation of stress, the operation of
the microengines became erratic at inspection
frequencies, with occasional sticking followed
by release. Some of the microengines would
actually overcome the sticky behavior and
become smooth again. Near the end of ami-
croengines life, rotation became more erratic
until the microengine failed by seizing or
rocking back and forth through a small angle.

Sticking

Sticking appears to be the precursor to
failures by rocking or seizing. In normal op-
eration of the microengines at the inspection
frequency of 1 Hz, some of the gears rotate
very smoothly. Others have a point in the
rotation where the gear sticks momentarily.
As the microengine is stressed over time these
sticky points may remain or disappear. We
believe this to be a surface effect, either due
to small asperities or asmall region where the
adhesive properties are different.

Rocking

This mode of failure occurs when the mi-
croengine gear cannot make a complete
revolution, but rocks through an angle. There
could be two possible causes. either one or
more signal lines have failed or thereis a
sticky spot or fixed particle in the gear hub or
pin joint, which impedes motion.

In some of the shock and vibration experi-
ments, packages were cracked which shorted
out signal lines. The microengines rocked in
those cases until a probe assured power to the
pads.

As discussed in the sticking section, as-
perities could prevent the gear from making a
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full rotation. If the gear is near the end of life,
wear debris buildup could be the culprit. Ad-
ditionally, certain regions of the microengine
wear out unevenly from other regions of the
microengine. This preferential wearing can
cause the gear to rotate in a non-circular
fashion. Depending on the degree of wear in
the hub or pin joint region, the pin joint can
extend into the worn region and rock about
that given area.

Seizing

A seized microengine is a permanent fail-
ure. The seizure point is typicaly in the gear
hub or pinjoint region. These are the regions
of tighter tolerances. In afew instances, such
as that shown in Figure 4.1.1, we have located
the seized region. The rubbing surfaces were
adhered over asmall region.

However, we cannot rule out the effect of
wear debris. This debris may cause the mo-
bile portion of the gear to become wedged
into the anchoring portion resulting in aloss
of microengine functionality. Another possi-
bility is the accumulation of debrisin critical
areas (pin joint, hub) that may cause the mi-
croengine to seize due to the excessive build
up of this debris.

)

Figure4.1.1. The arrow indicates the 0.7-nm long re-
gion of adhered surfaces.
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Figure4.1.2. The noncircular wearing on the pin-joint
hole was due to actuator clamping.

Actuator clamping

Thisisbasicaly adesign issue that was
corrected in later designs. The Y actuator was
found to clamp when the gear was in the yp-
per region of itsrotation [ 79]. This resulted
in larger forces on the pin joint than expected
and contributed to wear in the pin joint as
seen in Figure 4.1.2 (see aso, the discussion
in section 3.3).

Failures above resonance speeds

Even with the removal of actuator clamp-
ing by using the new design, early lifetimes
(10° cycles) were observed at low forces. If
we run significantly below resonance, for ex-
ample, 500 Hz, then lifetimes of over abillion
cycles were observed for the majority of the
microengines. We believe that the drive sig-
nals (see section 1.7) do not fully describe the
complete dynamics near resonance and above.
Hence, this mismatch induces wear in the mi-
croengine through the creation of unbalanced
forces.

Particulate contamination

Particulate contamination outside the clean
room environment, where performance analy-
sis or packaging is conducted, can naturally
be expected to have a serious effect on de-
vices where small gaps and large voltages are




required. Particulate contamination has been
aminor problem and typically promotes
shorting of the actuators.

In shock and vibration environments, par-
ticulate contamination can be a major prob-
lem. These environments cause the particles
to move and can short out working devices.
Of particular concern is the edge of the die
where the polysilicon layers are free to peel
and crack which forms rather large debris.

Fused components

A condition that results from inadvertent
contact of structural and electrical members
has been observed in comb fingers. The rela-
tively high voltages employed make arcing
possible in these cases, and attachmentsre-
sembling aweld can result. These attach-
ments are occasionally small enough to be
subsequently freed without extensive damage,
but more often are permanent as shown in
Figure 4.1.3. The use of guides has been
shown to prevent this failure mode, but typi-
caly introduces more rubbing surfaces, which
increases wear.

Non-operating
Release

A bad release process can result in failed
devices. If all of the sacrificial oxide was not
etched away, the devices will not work. This
was rarely a problem, but could be significant
on alarge device if the proper number of etch
release holes are not used.

Stiction

Stiction results from capillary forces that
are large at these dimensions. Surface coat-
ings that make the surface hydrophobic typi-
cally achieve stiction reduction. Alternate
methods are super critical CO, drying or
freeze sublimation.

Surface coatings utilize many chemistry
processes that may or may not be well under-
stood. Development of a consistent, repeat-
able, reliable process is ongoing.

Some microengines start right up after the
release while others require a ‘ dight poke’
with the manual prober to function. These
microengines may be side by side on the same
die. There are many unresolved issues su-
rounding the stiction problem.

Packaging

Functional microengines whether with sur-
face coatings or dried, still have to make it
through the sometimes harsh next step of
packaging. Die-attach techniques that work
well for electronics may be death to MEMS
devices. The handling and oven curing can
aso lead to failure.

Dormancy

One of the really disturbing failure modes
isthat of dormancy, when these microengines
fail during storage in a benign environment.
Experiments have shown that the die attach
used really matters (section 3.11).
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Thereis aso a pattern emerging that dry
storage is better that wet (roughly 60% RH)
storage. Certainly, de Boer [80] has shown
that the adhesion between a polysilicon beam
and the polysilicon surface increased expo-
nentially between 30 to 90% RH.

The issue of intermittence also arises in
these dormancy experiments. There have
been occasions where a previous failed part
begins to function again. The only difference
between the two tests was time in storage.

[78] M. N. Gardos, “Advantages and Limita-
tions of Silicon as a Bearing Material for
MEMS Applications,” Tribology Issues
and Opportunitiesin MEMS Kluwer
Academic Publishers, Netherlands, ed. by
B. Bhushan, 1998, pp. 341-365.

[79] S. L. Miller, M. S. Rodgers, G. LaVigne,
J. J. Sniegowski, P. Clews, D. M. Tanner,
K. A. Peterson, “Failure Modes in Surface
Micromachined MicroElectroM echanical
Actuators,” Proc. 1998 |EEE Interna-
tional Reliability Physics Symposium,
Reno, NV, 1998, pp. 17-25.

[80] M. P. deBoer, P. J. Clews, B. K. Smith,
and T. A. Michaske, “Adhesion of Poly-
silicon Microbeams in Controlled Humid-
ity Ambients,” Materials Research Soci-
ety Proceedings, Vol. 518, pp. 131-136,
1998.
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4.2 Reliability design
rules

In our experiments over the last three
years, we have discovered some failure modes
and pitfallsto avoid. The major rulesto fol-
low will be discussed here.

Prevent wear

The major operational failure mechanism
was wear so any technique or design that pre-
vents wear would produce longer life. A
major step in this regard would be the devel-
opment of a microscale lubricant.

Lubrication

Henck [81] studied lubricants ranging from
self-assembled monolayers (SAMs), to fluids,
to solid lubricants in attempts to lubricate the
Digital Micromirror Devicea (DMD). He
found that vapor-deposited SAMs of per-
fluorodecanoic carboxylic acid were the best
lubricant for the DMD. However, the DMD
has contacting surfaces but no rubbing sur-
faces as in the microengine.

For rubbing surfaces, both Senft [82] and
Srinivasan et al. [83] have observed lowered
coefficient of friction for SAM coated de-
vices. The wear properties are still under in-
vestigation.

Use a little humidity

As shown in section 3.10, humidity levels
of 30 to 60% RH act as a lubricant and reduce
the formation of wear debris. Although low
humidity devices lasted alittle longer than
comparable devices at high humidity, the loss
of volume at low humidity produced severe
wobble in the drive gear, which would de-
grade performance.

In practice, most MEMS devices will be
sealed in hermetic packages. Once again, the
need for alubricant presents itself.

Minimize rubbing surfaces

Wear only takes place in regions where
two surfaces contact due to a normal force
and move in relation to one another. Inthe
case of the microengine, the pin joint region
on the drive gear was subjected to large forces
making it the weak link. The hub of the drive
gear also experienced these forces and the re-
sulting wear debris caused problems. In con-
trast, we rarely see debris in the hub regions
of larger load gears because the normal forces
here are so small (see section 3.3).

Another region of rubbing surfaces in the
microengine is in the shuttle guides that con-
strain the motion. There are four shuttle
guides in each actuator as shown in Figure
4.2.1. Theinner guides are also anchors for
the springs. The outer guides were the ones
removed to yield circular motion of the gear-
less microengine (section 3.3.13). We have
observed wear at all locations.

The use of springs that are stiff in the or-
thogonal direction could prevent unwanted
motion and eliminate the need for guides or at
least allow for an increase in the gap, dimin-
ishing contact and wear.

Figure4.2.1. Thisimage showsthe IocaIi of the
four shuttle guidesin atypical actuator.
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Eliminate dimples on shuttle clamps

Clamps, shown in Figure 4.2.2, have been
used to prevent vertical (out of the plane) dis-
placement of the shuttle mechanism in the
actuator. Adding a dimple on the clamp re-
duces the displacement between the dimple
and the moving surface below it to 0.5 mi-
crons. However, due to shuttle levitation, this
provides another rubbing surface and failure
mode (see section 3.4).

In order to prevent wobble, clamps with
dimples on load gears have been used with no
detrimental effects. An aternate method to
control wobble that has met with success is to
add a dimple to each gear tooth asin Figure
4.2.3.

Minimize impact or rubbing force

The uncontrolled force due to a clamping
actuator provided impact to the pin joint and
promoted noncircular wearing (see Figure
4.1.2). Impact will produce wear debris (Fig-
ure 3.5.5) and ultimately reduce the reliability
of the device. The best way to prevent impact
is to design non-clamping actuators.

Additionally, well-defined and understood
drive signals will reduce impact. As an ex-
ample, Miller et a. [84] showed that the use
of sguare waves to drive a microengine will
reduce the number of start/stop cyclesto on
the order of 10. In contrast, microengines op-
erated using model-based signals have dem-
onstrated millions of start/stop cycles, afive
order of magnitude increase in start/stop en-
durance.

For the microengine, it is good practice to
ramp up to full speed dowly over afew cy-
cles. Thiswill lessen the effect of impact
forces.

A reduction in the force used to move the
drive gear would minimize wear. This can be
achieved by using a pure tangential force with
no radial force on the pinjoint. The work
discussed in section 3.6 described the meth-
ods to implement pure circular motion of the

166

] & | | 2
Figure 4.2.2. The SEM image of a shuttle clamp
shows the location of the dimple.

Fig'ure4.2.3. This high-tilt SEM image of a gear
shows the dimple location on each gear tooth.

linkage arms. Using these methods and a
lower frequency of operation, the lifetime of
the non-clamping microengine was increased
to hillions of cycles for the majority of the
samples (section 3.13).

Throw out the debris

We believe that a major contributor to fail-
ure due to wear is the result of three-body
wear. Thiswear takes place when a debris
particle gets caught between the rubbing sur-
faces and promotes additional wear debris.
The dramatic influence of third body wear
upon tribological processesiswell known
[85]. If theinitial wear debris particle were
removed from the rubbing surfaces, the de-
vices may run longer.

Promote clean environments

After MEMS devices are released the su-
rounding environment can wreck havoc on



reliability. Any particulate matter can easily
short out a comb finger or prevent viable op-
eration.

The packaging environment was shown to
affect the reliability of microengines (section
3.11). To promote packaging reliability, care
must be taken to select the proper die attach
that doesn’'t outgas.

Shock and vibration environments pro-
moted movement of any debris on the surface.
Of particular concern is the observed flaking
of layers near the edge of the die, creating de-
bris that may lead to failure. Figure4.2.4
shows alarge layer flake, which could easily
short the comb fingers. A sealing method to
prevent flaking or complete removal of these
flakes will be necessary.

Figure4.2.4. Thelarge flake of polysilicon circled
in this optical image could easily short the comb
fingers.

Prevent shorting of voltage com-
ponents

Thisis a case where guides or stiffer
springs may be used. Springs that are com-
pliant in their direction of motion, but stiff in
other directions are needed here. As men-
tioned earlier, guides can be a source of rub-
bing surfaces, increasing wear. The use of
physical stops, which prevent contact between
the components, is recommended. A long
structure is especially susceptible to small
rotations that may cause shorting.

Anchor according to mass

In the shock environments, many of the
large gears broke away from the substrate.
Gears are presently fabricated with identical
hubs for ease of the design. Larger gears
should have proportionately larger anchors to
maintain attachment.
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1.5 Single package
environmental test cell

A small chamber was constructed in or-
der to permit quantitative friction measure-
ments in controlled environments at atmos-
pheric pressure. The device houses a single
24-pin DIP, and uses high vacuum materials
and fittings to provide a clean, leak-free en-
vironment. A wide variety of gas composi-
tions can be flowed through the chamber,
and sensors allow oxygen and water vapor
to be measured in the part per million range.

Cell Construction

A photograph of the environmental cell is
shown in Figure 1.5.1. The body and lid of
the cell are constructed from 6061 alumi-
num. A 10-pin electrical feed-through (to-
ward the front in Figure 1.5.1) on a 3.38 cm
diameter metal-sealed vacuum flange pro-
vides signals to the 24-pin zero insertion
force socket at the center of the cell. The
DIP socket is positioned so that a module
mounted inside the package will sit near the

h |

Figure 1.5.1. Photograph of the environmental cell
with lid removed to show the package and connec-
tions inside.

center of the cell, and close to the lid. The
number of devices that may be run depends
upon the number of signal lines required per
device. For example, each friction test
structure requires 5 signal lines to operate,

S0 two devices may be run simultaneously
with different drive signals within this de-
vice. Input and output gas connections are
0.25-inch Swagelock fittings and either
stainless steel or perfluoroalkoxy tubing.

A picture of the environmental cell with
the lid attached is shown in Figure 1.5.2. A
sapphire window 1.78 cm in diameter in the
lid allows the structures to be viewed with a
microscope while they are running in the
controlled environment. The free volume of
the environmental cell is 250 cm?®,

Figure 1.5.2. Photograph of the environmental cell
with lid removed to show the package and connec-
tions inside.

Gas Handling and Sensors

For controlled environment experiments,
gas was run first through a dry-
ing/humidifying manifold and then was pro-
vided to the input port of the cell from cyl-
inders of ultra pure compressed gas at a sup-
ply pressure of 10 psig. This manifold con-
tained separate columns of desiccant and
deionized water. The amount of gas from
the cylinder that went to the desiccant or
deionized water was controlled with flow
meters. Adjusting the flow rate of supply
gas to the desiccant column and deionized
water column allowed introduction of water
vapor to the gas stream in a controlled way.
The exhaust line of the cell was connected to
a chilled mirror dew point monitor (General
Eastern Hygro M4/D-2 sensor) and an elec-
trochemical oxygen analyzer (Delta-F,
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model FA31111XA) in series. Under ambi-
ent conditions of 12.5 psia and 25°C, water
vapor sensitivity was 222+5 ppmv (0.6+0.1
%RH). Under the same conditions, oxygen
concentration sensitivity was 2+0.5 ppmv.

Performance Characteristics

At a gas supply pressure of 10 psig, the
volume flow rate through the environmental
cell is 400 cm®min. Purging the gas cell for
15 minutes with dry nitrogen resulted in a
water vapor concentration of 430 ppmv
(1.2% RH) and an oxygen concentration of
30 ppmv. Purging for longer times could
further reduce the water and oxygen con-
centration.

Conclusions

The single package environmental test
cell permits testing of devices within a sin-
gle package in controlled environments at
atmospheric pressure. The detection limits
for water vapor and oxygen permit control
of these species to help determine mecha-
nisms for wear in micromachines that are
related to reactions with the environment.
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